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Abstract 
Tritschler, Sarah J. M.S. Department of Earth and Environmental Studies, Wright State 
University, 2007. Biogeochemical Processes and Seasonal Effects in Flow-Through 
Mesocosm Reactors Simulating Constructed Wetlands 
 
Due to their distinctive environments, constructed wetlands are utilized to 
remediate groundwater that has been contaminated with chlorinated ethenes (i.e. 
perchloroethene) and other such contaminants.  This research focuses on vertical flow 
mesocosm reactors housed in a greenhouse at Wright State University, which simulate a 
constructed wetland on Wright Patterson Air Force Base.  These reactors were studied to 
investigate the effects of vegetation and seasonal changes on the redox parameters 
present. 
Water samples were collected from six different reactors from late 
September/early October 2006 until August 2007.  The reactors were sampled three days 
in a row and this sampling was done once a month.  The triplicate sampling was done to 
promote accuracy in the data by averaging the three days together.  Colorimetric analysis 
of ammonia and iron found anoxic/oxic redox zones apparent in the reactor.  These zones 
were soil and plant specific.  In control reactors, where no plants were present, 
anoxic/oxic boundaries were found in the lower portions.  The same was found in 
reactors planted with the Carex comosa.  An anoxic/oxic boundary was found at the 
bottom of the reactor as well as the top of the reactor where plant roots were present.  
Those reactors planted with Scirpus atrovirens also showed similar boundaries.  The 
rhizosphere present in these reactors introduces oxygen and bacteria that is not available 
in control reactors so intensified Fe(III) is able to occur.   
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The profiles of ammonia and nitrite coincide well together.  It was found that 
where ammonia concentrations were high nitrite was low and as ammonia values began 
to decrease nitrite values began to increase.  This suggests ammonia oxidation is causing 
the nitrification that takes place near the rhizosphere. There are lower ammonia values 
found in SA reactors as compared to CC reactors, which indicates that the SA plant roots 
extend further into the reactor than CC roots.  More oxygen is being introduced which 
inhibits ammonia formation; it is immediately oxidized to nitrite.  This coupled with the 
iron profiles suggests iron and nitrogen cycling is occurring.  Colorimetric analysis was 
also done to determine dissolved oxygen concentrations, however the values found were 
too large so the analysis was discontinued. 
Major ion analysis was also done on the water samples collected.  From the 
results found it is apparent that plant roots affect potassium concentrations, as it is a 
nutrient the roots uptake.  Also, the plants create a favorable environment for calcium 
carbonate and dolomite dissolution because the pH slightly decreases near the root zone.  
This causes the release of calcium and magnesium into the system increasing their 
concentrations.  The other ions, conductivity, and temperature values were also 
influenced by the presence of plants in the system.  
 Aside from the Fe(II) profiles there was not much seasonal effect present in the 
reactors.  However, with the results found there is a better comprehension of the 
environments present in these mesocosms.  It was found that plant species have major 
effects on the redox reactions that occur in wetland soil.  The results imply that the ability 
of a wetland to remediate contaminants is largely based on the species of plants present 
This knowledge should be applied to the organic analysis that was executed 
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simultaneously with this research so a narrative can be told about how the reactors work. 
This can be applied to the subsurface of the wetlands to establish how they can be 
improved upon for more efficient contaminant remediation.     
vi 
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Section I. Introduction 
 
The goal of this research is to characterize the biogeochemistry of wetland soils.  
Numerous studies have investigated the degradation pathways of chlorinated solvents 
present in wetlands.  This study will explore how inorganic parameters evolve in wetland 
subsurface, and how these parameters affect chlorinated solvent degradation.  This was the 
focus of the study because previous research has been one-sided in the effort to understand 
the breakdown of chlorinated ethenes in the wetland subsurface for remediation purposes.  
However, the biogeochemistry of wetlands is a major contributing factor to chlorinated 
solvent degradation and needs to be fully understood. 
In 2000 a pilot scale treatment wetland was built in Area A of the Wright-Patterson 
Air Force Base (WPAFB), in Dayton, Ohio [Amon et al., 2007] to evaluate the potential for 
chlorinated ethene degradation in a wetland environment. This treatment wetland was 
created following reports that naturally occurring soil microbes can degrade chlorinated 
hydrocarbons in a large natural wetland at the Aberdeen Proving Grounds [Lorah et al., 
1999; Jones et al., 2004; Lorah and Olsen, 2000].  Recent results [Amon et al., 2007] and 
ongoing investigations from the WPAFB treatment wetland show the degradation of 
chlorinated ethenes (CEs).  This is important, because the potential for PCE to degrade into 
toxic daughter CEs (trichloroethene or TCE, dichloroethene isomers or DCEs and vinyl 
chloride or VC) in anaerobic environments is of great human health concern.   
The background section of this thesis discusses the different bigeochemical processes 
present in both wetland soil and wetland plant roots.  This is incorporated with a summary 
about possible degradative pathways for chlorinated ethenes.  It is important to know which 
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processes are occurring in the wetland subsurface and whether the degradative pathways 
are reductive or oxidative.  To better understand the constructed wetlands, previous work 
was reviewed to provide a basis for the construction of the reactors and, subsequently, for 
this study. 
In the materials and methods portion the design for the reactors is shown as a reference 
to facilitate the understanding of the sampling methods.  The schematics and picture also 
gives a visual representation of how the reactors simulate the constructed wetlands.  
Sampling and analysis procedures are also discussed in detail.  There was a bromide tracer 
test conducted on a reactor and the procedure is outlined in the methods section.  Sampling 
for major ions, ferrous iron, ammonia, dissolved oxygen, pH, conductivity, and temperature 
have also been elaborated on in the methods section.  There were some setbacks 
encountered during sampling and the remedies for these setbacks are outlined further. 
  Finally, the results and discussion section provides an interpretation of the data found 
from this yearlong analysis of the greenhouse reactors.  A breakthrough curve of bromide 
was formed from the conductivity and concentration data collected.  Results from the other 
metabolites are also discussed here, with particular emphasis on interpretation.  Ammonia 
was found to be an important constituent in the pore water, with different behaviors visible 
in both planted and control reactors.  Nitrite trends suggest that its formation could possibly 
be coupled with ammonia oxidation.  Iron cycling was a dominant process observed, 
establishing subsurface oxidizing conditions.  Sulfate, calcium, magnesium, and sodium 
were analyzed as well with the trends elaborated on in the discussion section.  This is just a 
brief overview of what is talked about in this thesis at length.    
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Section II. Background 
2.1 Biogeochemical Processes in Wetlands Soil 
 To understand biogeochemical processes in the soil, it is best to understand how the 
soil degrades.  Degradation of wetland soil can happen by fermentation, which is followed 
by methanogenesis, acetogenesis, or a combination of both (Megonigal et al., 2004).  These 
processes then produce volatile fatty acids, H2, alcohols and methane that make wetland 
soil electron donor rich (Megonigal et al., 2004).  These electron donors can then react with 
any available donor present in the soil, and this reaction is done by microbial processes 
(Megonigal et al., 2004).  These processes can be seen in Figure 2.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1 Flow diagram showing the breakdown of polymers and monomers to methane by 
fermentation, acetogenesis, and methanogenesis (Megonigal et al., 2004). 
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Many other processes occur in wetland soil and will be discussed in this thesis.  One 
process is oxygen reduction.  Wetland soils are mainly anaerobic with a few possibilities 
for oxygen introduction.  If oxygen is present, it is reduced almost as readily as it appears.  
In hydric soils oxygen reduction generally occurs in the soil above the water table where or 
below the water table where O2 is dissolved in the porewater (Vepraskas and Faulkner, 
2000).  This reduction can take place with the presence of methanogens (Tholen, et al., 
2007).   In the presence of certain methanogens CH4 can be produced while reducing O2 at 
the same time (Tholen et al., 2007).  Obviously in anaerobic soils oxygen is the main 
electron acceptor, however in the anaerobic soil of wetlands other electron acceptors must 
take over (Vepraskas and Faulkner, 2000). 
The cycling of nitrogen is an important process occurring in wetland soil.  There are 
a couple different ways nitrate is reduced: assimilatory nitrate reduction leads to a 
conversion into organic nitrogen, and dissimilatory nitrate reduction can produce nitrite, 
N2O, N2, and sometimes ammonium (Bowden, 1987).  Several processes can allow for the 
presence of ammonia in the system.  It can be formed from the degradation of organic 
matter (containing N) in the soil and nitrogen fixation can occur without the presence of 
plants (Megonigal et al., 2004).  When plants are present, nitrate reduction can also be a 
mechanism for ammonia production (Megonigal et al., 2004).  The ammonium produced 
can then undergo nitrification in aerobic conditions and produce nitrite, which can undergo 
further nitrification into nitrate (Bowden, 1987).  This cycling can be seen in Figure 2.2.   
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Fig 2.2 Nitrogen cycle diagram depicting all of the possible pathways of N transformation 
(Megonigal etal., 2004) 
 
The cycling of nitrogen is completely dependent on the environment and the availability of 
organic substrates (White and Reddy, 2003).  If there is a limit on the amount of organic 
substrate present in the soil then nitrate reduction is not as prevalent, and lower 
denitrification rates will occur (Hume et al., 2002).     
 Another process occurring in the wetland soil is Fe(III) reduction.  Fe(III) reduction 
is prominent at the sediment surface and in plant rhizosphere.  This is because of the 
oxygen present is the driving force that allows for regeneration of Fe(III) substrate and 
subsequent reduction by Fe(III) reducing bacteria (Roden and Wetzel, 1996).  The amount 
of Fe(III) reduction that is able to occur is dependent on the supply of Fe(III) and organic 
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matter (King and Garey, 1999).  Since Fe(III) reduction is the dominant process, sulfate 
reduction and methanogenesis generally do not occur until the Fe(III) substrate is depleted 
(Lovely and Phillips, 1987).   
 The occurrence of sulfate reduction can sometimes overlap Fe(III) reduction (Peters 
and Conrad, 1996).  Generally, however, in wetlands once Fe(III) reduction is complete 
sulfate and methane compete over the electrons, with sulfate prevailing (Lovely and 
Phillips, 1987).  If sulfate is present in the wetland soil then sulfate reduction will inhibit 
methanogenesis 90% of the time (Yavitt and Lang, 1990).  Dissimilatory sulfate reduction 
is a common form of sulfate reduction that occurs in wetlands (Hedin et al., 1989).  This 
reduction happens when heterotrophic anaerobic bacteria, which are only active in 
anaerobic conditions, decompose organic compounds using sulfate as the electron acceptor 
(Hedin et al., 1989).  
 Once both Fe(III) reduction and sulfate reduction are complete, methanogenesis is 
thermodynamically favorable to become the dominant process (Yao and Conrad, 1999).  
Methanogenesis is suppressed in the presence of an increased amount of Fe(III) reduction 
occurring when most of the carbon present in the wetland soil is being used in the process 
(Roden and Wetzel, 1996).    How vigorous methane production can be depends on the 
availability of organic matter is available in the soil; the more organic carbon present the 
more vigorous methane production is (Yao and Conrad, 1999).  The amount of 
methanogenesis that occurs also depends on the environment.  As soil depths increase 
methanogenesis decreases; when the temperature was higher and the Eh lower it increases 
(Bachoon and Jones, 1992).  And the rate in which it occurs is dependent on the presence of 
organic compounds (Bachoon and Jones, 1992).      
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Fig. 2.3 Wetland subsurface terminal electron accepting processes and redox cycling in 
oxic and anoxic zones (Conrad, 1996).   
 
2.2 Biogeochemical Processes in Wetland Plant Roots 
 Wetland plant roots offer a unique environment where the aforementioned processes 
can take place.  They supply oxygen to an otherwise anoxic environment, which can 
determine the type of metabolism that occurs with the bacteria present at the root zone. 
Figure 2.3 shows the cycling of metabolites in the wetland subsurface in the anoxic and 
oxic zones.  The equations associated with the terminal electron-accepting processes can be 
seen in Table 2.1.  Oxidative pathways allow for two main oxidative pathways to occur: 
metabolic and co-metabolic.  Metabolic pathways allow for the degradation of cis- and 
trans- DCE and VC in anaerobic and aerobic conditions.  Co-metabolic pathways can 
degrade TCE, both DCEs, and VC aerobically if the source of energy is methane, ammonia, 
or phenol.  When plants are present in the wetland and there is a lack of oxygen in a system 
aerenchyma tissue forms in the plant roots (Jackson and Armstrong, 1999).  This 
 
 
 
Reduction 
 
 
 
oxidation 
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aerenchyma tissue reduces the internal hindrances that impede oxygen, nitrogen, carbon, 
and other gases from reaching the roots (Jackson and Armstrong, 1999).  Radial oxygen 
loss (ROL) is supported allowing for oxidative detoxification at the rhizosphere (Jackson 
and Armstrong, 1999).  The amount of ROL is related to oxygen consumption and the 
impedance of oxygen diffusion through the roots (Armstrong et al., 2000). Oxygen is being 
transported into the soil near the rhizosphere so oxidation can take place. 
 
Table 2.1 Sequence of equations for the thermodynamic reduction of inorganic species 
(Schlesinger, 1997). 
 
 
 
 
 
 
 
 
 
 
 
 
The rhizosphere affects the nitrogen in the system, allowing ammonium to be 
oxidized by the introduction of ammonia-oxidizing bacteria at the root zone causing nitrite 
and nitrate to form by nitrification (Kowalchuck et al., 1998).  Oxidation of ammonia 
continues the nitrogen cycle and takes over for reduction (Bowden, 1987).  Subsequently 
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the nitrate being produced can also be absorbed by the same wetland plants (Kirk and 
Kronzucker, 2005).  This could account for low nitrate values; as the nitrate is being 
produced the plants are immediately taking it up.  These redox reactions, and others that 
occur in the plant root rhizospheres can be seen in Figure 2.4. 
 
Fig 2.4 Redox reactions associated with the release of oxygen from the plant rhizosphere 
(Powell).  
 
Iron cycling is another major process that occurs in wetland soil.  It happens mainly 
at the plant root rhizosphere where amorphous Fe(III) plaque is present; the easiest form of 
Fe(III) to be reduced (Emerson et al., 1999).  The Fe(III) plaque is an Fe oxyhydroxide that 
coats the surface of the roots allowing for the introduction of bacteria (Emerson et al., 
1999).  The reason Fe(III) reduction is abundant at the rhizosphere is because of the Fe(II)-
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oxidizing bacteria (FeOB) and the Fe(III)-reducing bacteria (FeRB) that are abundantly 
present and occur in a range of biogeochemically different environments (Weiss et al., 
2003).  The presence of these bacteria allow for Fe-cycling to occur near the root zone 
(Weiss et al., 2003).  With the oxygen and bacteria that are introduced and produced by the 
roots, as well as the Fe(III) plaque, many redox reactions can occur.  This allows for an 
increased amount of dissolved Fe(II) to form and, subsequently, more Fe(II) oxidation to 
occur. 
With the presence of plant roots and the introduction of oxygen near the surface of 
the wetlands sulfate is produced at a rate that is quicker than it can be reduced.  The sulfide 
present in the soil is oxidized to sulfate near the rhizosphere.  With a replenished sulfate 
substrate reduction can continue in the anaerobic portions of the wetland soil, allowing for 
the continuation of sulfur cycling (Roden and Tuttle, 2006). 
Methane also becomes oxidized near the rhizosphere, allowing for continual carbon 
cycling in wetlands due to plant root presence.  The oxidation of methane attenuates the 
amount of methane emitted into the atmosphere (Schipper and Reddy, 1996).  So the lack 
of methane oxidation increases the amount of methane released into the atmosphere 
(Frenzel and Rudolph, 1998).  One cause for the suppression of methane oxidation is the 
presence of ammonium, before being oxidized itself (Conrad and Rothfuss, 1991).  
Methane oxidation is important in the reduction of atmospheric methane emissions. 
 
2.3 Chlorinated Ethene Degradation by Microbial Processes 
 
Microbial processes in natural surface and groundwater systems can transform CEs.  In 
the reducing environment PCE can degrade by a process called reductive dehalogenation, 
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by two possible pathways: hydrogenolysis and dichloroelimination.   PCE can be 
completely dechlorinated by hydrogenolysis to form ethene, the safe end product of PCE 
degradation (Magnuson et al., 1998).  The proposed dechlorination pathway of PCE can be 
seen in Figure 2.5.   
Fig 2.5 Hydrogenolysis pathway for degradation of PCE to ethene (AFCEE). 
 
In hydrogenolysis a chlorine atom is removed and replaced with a hydrogen atom in PCE 
for conversion to TCE.  This can continue sequentially towards cis-, trans- DCE, or 1,1 
DCE, VC, and ethene.  In dichloroelimination two adjacent chlorine atoms are removed 
from the PCE molecule at the same time to form dichloroacetylene (Lorah and Olsen, 
1999).  In addition there is dehydrochlorination, an abiotic pathway for CE degradation, 
where a hydrogen, chlorine, or combinations of the two are removed from a compound 
(Lorah and Olsen, 1999).   
When dechlorinating chlorinated compounds some bacteria couple dechlorination 
with dehalorespiration, an energy conserving process (Holliger et al., 1998).  
Dehalorespiration makes dechlorination a more efficient process (Holliger et al., 1998).  In 
terms of PCE dechlorination, an acceptable electron donor is necessary.  It has been found 
that lactate, butyrate, hydrogen and yeast extract, among others, promote the dechlorination 
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of PCE (Aulenta et al., 2005).  These electron donors enhance the favorable conditions that 
encourage complete dechlorination of PCE to ethane (Aulenta et al., 2005).  It is also 
possible to have a PCE-dechlorinating organism, such as a methanogen, to allow for the 
existence PCE dechlorination pathways (Bagley and Gossett, 1990).  While PCE can 
degrade in sulfate-reducing environments it is more apt to do so when coupled with 
methanogenic conditions (Bagley and Gossett, 1990).  Methanogenesis also is another 
possible pathway for the breakdown of chlorinated ethenes (CE).  Anaerobic soils support 
methanogenesis and in that type of environment complete degradation of PCE to ethene is 
capable of occurring (Freedman and Gossett, 1989).   
In terms of CE degradation different degrees of reducing environments are necessary 
for the various degradative steps involved from PCE to ethene (Chapelle, 1997).  For PCE 
and TCE degradation to DCE mildly reducing conditions, like those in iron and nitrate-
reducing environments, are preferred (Chapelle, 1997).  The stronger reducing conditions 
of methanogenesis are favored for DCE degradation to VC or VC being degraded to ethene 
(Chapelle, 1997).  Fe(III)-reducing and oxic conditions as well as co-metabolic degradation 
processes are all capable of oxidizing VC (Chapelle, 1997).  Fe(III)-reducing  environments 
can be highly proficient in the mineralization of VC (Bradley and Chapelle, 1997).  This 
facilitates the completion of hydrogenolysis.  Chlorinated ethenes can be co-metabolically 
degraded.  A methane and oxygen rich environment is generally favorable (Byl and 
Williams, 2000).  Methanotrophic bacteria can produce a soluble particulate methane 
monooxygenase (sMMO) that is capable of quickly oxidizing chlorinated ethane, all except 
PCE (Anderson and McCarty, 1997).   Ammonia can also be a useful substrate to degrade 
chlorinated carbons (Byl and Williams, 2000). 
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2.4 Chlorinated Ethene Degradation in Wetland Soil 
PCE is an oxidized compound, and it is degradable under anaerobic conditions by co-
metabolic or respiratory transformations.  Under anaerobic conditions, PCE is often 
sequentially reduced to TCE, DCEs, and VC by removal of single chlorine in each step.  
The DCE isomers are cis1,2-DCE, trans 1,2-DCE, and 1,1-DCE [21], of which cis 1,2-
DCE is often persistent in the environment.  Microbial reduction of CEs can occur by 
microbial processes in iron-reducing, sulfate-reducing, methanogenic, or acetogenic 
conditions.  While methanogenic condition is generally favorable for microbial reduction of 
CEs, less chlorinated CEs (DCE isomers and VC) can also degrade in iron-reducing, 
sulfate-reducing, or acetogenic conditions through oxidative pathways.  
Wetlands can facilitate the degradation of chlorinated hydrocarbons by microbial 
processes in anaerobic conditions, such as sulfate reduction (Lorah and Voytek, 2004).   
One main factor affecting the fate of contaminants in a wetland is the composition of 
wetland soil, which is more anaerobic due to higher organic carbon content than typical 
soil.  In the absence of oxygen the microbes utilize alternative terminal electron acceptors 
and oxidize electron donors such as H2, acetate, etc. (McLatchey and Reddy, 1998).  
Microbial activity regulates soil decomposition and release of nutrients back into the soil 
(McLatchey and Reddy, 1998).  Abundance of electron donors in wetland soil can cause 
greater natural attenuation inorganic and organic species by reductive pathways.   
Natural attenuation is an important mechanism in chlorinated hydrocarbon 
degradation in the wetlands, particularly constructed wetlands (Kassenga, 2002).  Sorption 
is another dominant mechanism present in natural wetlands that can cause chlorinated 
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ethene sequestration (Kassenga, 2002).  Some studies have even found that constructed 
wetlands are significantly more efficient and promote faster rates of TCE attenuation than 
naturally occurring wetlands (Kassenga, 2002).  
Oxidative pathways are also essential in the degradation of chlorinated ethenes.  As 
previously described (section 2.2), plant roots in the wetland soil introduce oxygen to an 
otherwise O2 depleted environment.  With the plant rhizosphere creating aerobic areas in 
the soil nitrogen, iron, sulfate, and methane cycling can all occur.  This cycling creates 
conditions that are favorable for chlorinated ethene degradation, especially nitrogen and 
methane rich environments.    
 
2.5 Previous Work 
The pilot scale treatment wetland was constructed on WPAFB in 2000 was built to 
evaluate chlorinated ethene degradation.  It was created following reports that soil microbes 
degrade chlorinated hydrocarbons by reductive dehalogenation in a large natural wetland at 
the Aberdeen Proving Grounds (Lorah et al., 1999).  Previous and current investigations at 
the WPAFB wetland show the degradation of chlorinated ethenes (CEs) and daughter 
products. 
Treatment Wetland Design:  The constructed wetland is an excavated-pit (37m x 18m, & 
1.5m deep), lined with a 12-inch thick clay layer and PVC geomembrane for hydraulic 
isolation from the underlying soil/aquifer.  The excavated pit was then filled with a gravel 
layer at the bottom, and 3 layers of hydric soil obtained from a nearby drained wetland.  
The plumbing at the site allows the PCE-contaminated groundwater to be pumped into this 
system at the bottom.  The water flows upward through the hydric soil zones, emerging at 
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the wetland surface and flowing into a sewer (Figure 2.6).  The residence time of the water 
within the treatment wetland varies, and it is estimated to be ~4 days at 6 gallons/min 
pumping rate.  The constructed wetland has 66 clusters of piezometers, installed in a 6x11 
grid, and each cluster has 3 stainless-steel drive-point piezometers (Solinst Model 615S) 
screened at different depths for groundwater sampling.  The depths of the piezometer 
screens (137, 90 and 46 cm below ground surface) correspond to the gravel, lower, and 
middle layers of the wetland soil.  The site was planted with multiple species and some 
roots now extend the full depth of the wetland.  The details of site construction and 
sampling design are described elsewhere (Amon et al., 2007). 
 
 
 
 
 
 
 
Fig 2.6 Schematic drawing of vertical flow in the WPAFB wetlands (Entingh, 2002). 
 
Field Studies: The WPAFB constructed wetland has been the focus of numerous studies 
examining physical [Entingh, 2002] and geochemical aspects [Slusser, 2001; Opperman, 
2002; Clemmer, 2003; Sobolewski, 2004]; studying the degradation of PCE and its 
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daughter products [Opperman, 2002; Clemmer, 2003; Soblowski, 2004; Waldron, 2006] in 
the wetland and the distribution and cycling of major ions and elements [Bugg, 2002; 
Kovacic, 2003; Bondurant, 2004; Mohamed, 2007].  One study in particular [Lach, 2004] 
examined the interactions between biogeochemical processes and CE degradation in the 
wetland, and the effect of wetland vegetation on controlling the groundwater 
biogeochemistry through different seasons.  More recently, an investigation was completed 
[Yan, 2006] to study PCE degradation processes in upward-flowing reactors/mesocosms 
filled with wetland soil and planted with wetland vegetation (described in later section). 
 Many important processes were found at the constructed field site.  The studies 
completed there found, along the water flow-path, a distinct sequence for terminal electron-
accepting conditions.  The zones found were nitrate, Fe(III), and sulfate reducing and 
methanogenic.  Seasonal effects were also found to be present in the field.  These seasonal 
effects were on concentrations of nitrate, sulfate, Fe(II), and methane; redox-sensitive 
species.  Major ion distributions, conductivity, and alkalinity displayed spatial and seasonal 
changes too.  In terms of chlorinated ethenes, these studies found that zones of sulfate 
reduction and methanogenesis correspond with the dechlorination of PCE and the 
appearance of TCE.  
Lach (2004) completed a geochemical investigation at the field site to characterize 
the degradation of PCE and its daughter products as well as variations in redox sensitive 
species (e.g., methane, nitrate, sulfate, Fe(II), NH3, etc.) and major ions in the wetland 
through the winter, spring and summer season in 2003.  Lach (2004) found a seasonal trend 
in the distribution of that nitrate, sulfate, and Fe(III), as electron acceptors.  PCE 
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degradation and formation of TCE correspond with zones of nitrate and/or sulfate reduction 
at the site (Lach, 2004). Further, a seasonal variation in the dissolved concentrations of 
Fe(II), calcium, magnesium, and sodium ions in the groundwater samples collected from 
the site at various depths showed an increasing trend from January to June (Lach, 2004), 
which was attributed to plant growth, increase in temperature values, and a gradual decline 
in pH.  Such interesting findings contributed to the construction of the WSU greenhouse 
reactors utilized in this study. 
A follow-up investigation of the field site to better characterize the 3-dimensional 
variations in major ions (including some redox sensitive species) was conducted on a 
monthly basis for a year during 2005-‟06 (Mohamud, 2007).  It found that seasonal changes 
affected the variation of certain ions, presumably due to the growth and decay cycle of the 
wetland vegetation (Mohamud, 2007).  The study also found that there was a higher 
concentration of the electron acceptors (nitrate and sulfate) in the deeper zone of the 
wetland and it systematically declined tapering off as it reached the upper layer (Mohamud, 
2007).  However, an opposite trend was observed in case of certain cations, like calcium 
(Mohamud, 2007).  One of the important findings of the study has validated that annual 
cycle of vegetation growth and decay in the wetland due to seasonal changes has a 
significant impact on the biogeochemical processes in the wetland (Mohamud, 2007).  A 
hierarchy for electron accepting conditions was observed along the flow-path of the water 
passing through the wetland.  Nitrate was depleted first, followed by the appearance of 
dissolved Fe(II) then the disappearance of sulfate, suggesting the presence of a sequential 
process (Mohamud, 2007), which is consistent with the thermodynamic ladder.  Many of 
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the conclusions found with this field study (Mohamud, 2007) have a direct relevance for 
the present study of the mesocosms maintained in the greenhouse. 
 
Greenhouse/Laboratory Study:  A recent study completed on the greenhouse reactors that 
examined PCE degradation as well as some biogeochemical aspects.  Yan (2006) found that 
approximately the same amount of PCE was removed from all reactors, regardless of plant 
presence.  TCE accumulated in the control reactors, which suggests that a difference in the 
biogeochemistry, brought on by the presence of plant roots, and contributed to the TCE 
degradation (Yan, 2006).  Yan also found drastic differences between planted and control 
reactor concentrations of methane (2006).  It was discovered that planted reactors have 
much lower concentrations of methane near the plant roots, which suggests increased 
methane-oxidizing microbe activity (Yan, 2006).  Planted and control reactors had varying 
sulfate concentrations (Yan, 2006), but nitrate concentrations did not show any significant 
differences between the two reactor types (Yan, 2006).  It was found that in the top of the 
reactor nitrate was increasing while TCE was decreasing, implying that the increasing 
amounts of nitrate could cause TCE degradation (Yan, 2006).  Yan‟s (2006) research 
provided the initial characterization of the interaction of chlorinated ethenes with the 
changing biogeochemistry in the reactor.  The present research is a logical follow-up to 
understand biogeochemical processes in the reactors during October 2006 – August 2007.   
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2.6 Motivation of Study  
There has not been any research done that focuses strictly on the biogeochemistry of the 
greenhouse reactors.  That is what the foundation for this thesis study is.  These WPAFB 
wetlands were the origin of the reactors that were built in the greenhouse.  A more in depth 
study of the interactions between contaminated water, wetland soil, and wetland plant 
species is required for a better understanding of the system.  Other studies have been done 
on constructed wetlands and at the mesocosm scale to study the occurrence and rate of 
biodegradation occurring in wetlands (Lorah and Voytek, 2004; Kassenga et al., 2003).  
However these studies focused mainly on chlorinated ethenes.  In fact, a new study is being 
developed to provide some insight into the interactions of wetland soil and plants and how 
that provides a link between the redox processes in plant roots and chlorinated ethene 
degradation.  Inorganic parameters present in the wetland subsurface are equally as 
important to understand as chlorinated ethenes.  Different plant species affect what 
nutrients are utilized in the subsurface and to what extent.  These assorted plants have an 
affect on the amount of oxygen and the type of microbes produced in the rhizosphere.  The 
change in seasons also influences the behavior of these reactors.  Gaining some insight on 
the geochemical processes and gradients as they seasonally change is necessary.  
Investigating all of these factors can be done more efficiently and to a greater extent using 
mesocosm reactors first.  The wetland plants are a major factor in the evolution of the 
reactors and understanding them on a smaller scale will help to understand the larger scale.  
That is why there is another current study applying the results from bench-scale testing to 
improve the experimental design in the field.  The smaller scale testing site also allows for 
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increased amount of sampling, more freedom in sampling port placement, and there is no 
interference by inclement weather.  The mesocosms permit sampling to occur at any depth 
so a more detailed profile of each metabolite can be obtained.  With the mesocosms being 
stored in a greenhouse sampling never has to be postponed due to weather.  Also, using 
mesocosm reactors allows for the refinement of sampling techniques and results before 
being applied to the constructed wetland. 
Another factor to take into account is the introduction of water into the system.  
When water is pumped in it causes certain interactions with the soil that need to be 
understood because those interactions, and the boundaries they form, may not vary whether 
plants are present or not.  The redox reactions taking place are integral in the wetland 
remediation methods.  All of these variations affect how PCE and its daughter products 
degrade.  That is why a concurrent study was done in the greenhouse studying the 
degradation of PCE and its daughter products. Understanding these changes may facilitate 
the determination of how the attenuation processes work.  This inorganic data, redox and 
non-redox, will allow for a better understanding of these relationships and this knowledge 
can be applied to the field.  The investigation is expected to provide a better understanding 
of the microbial and geochemical processes occurring over spatial and temporal scales in 
constructed wetlands.  The reactors will show how the plants encourage inorganic cycling 
which affects chlorinated ethene cycling as well. 
2.7  Objectives 
This research experiment is to study the effects wetland plants have on the inorganic 
biogeochemistry of sediments; to characterize the electron-accepting processes in the 
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reactors.  Three plants, Carex comosa, Scirpus atrovirens, Eleocharis erythropoda, were 
used in the construction of nine greenhouse reactors along with three unplanted reactors, 
which act as controls, to make a total of 12 reactors. The influence of wetland vegetation 
growth and senescence on sediment biogeochemistry was examined over an annual period.  
Seasonal variations of benthic biogeochemistry are evident in the planted and control 
reactors.  Results from this work are applicable to understanding processes influencing the 
degradation of chlorinated solvents wetland environments.   
The object of this research is to create a profile of redox process occurring in each 
reactor, and to have a complete understanding of the how biologically active and redox-
sensitive nutrients evolve throughout the reactor.  Investigating and characterizing the 
effects of plant roots on both non-redox and redox processes present in the wetland soil, 
and how these effects changed temporally over a year.  This will be done through 
colorimetric and ion analyses explained in the methods.  These results are compared with 
those for volatile organic carbon, and together form a complete profile relating nutrient and 
VOC cycling.  These results can be applied to help understand the constructed wetlands the 
reactors were based on.   
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Section III. Materials and Methods 
 
3.1 Experimental Design  
Six upward-flowing column reactors, or mesocosms, were constructed in May 2005 
[Yan, 2006] from PVC pipe (schedule 40), 6” in diameter and 60” in length, with an 
internal volume of 27.7 liters (see Figure 3.1 for a picture of the reactors and Figure 3.2 for 
column schematics).  Each reactor was fitted with seven ports for water sampling made of 
slotted PVC tubes 5.5” long with a ½” inner diameter, and were hot-glued to the PVC pipe 
of the reactor.  A 4” long polyethylene tube of ¾” diameter was inserted halfway in the 
slotted PVC tube and connected to it by a ¾” female connector fitting (see Figure 3.1b). 
The polyethylene tube at each sampling port was attached to a 3-way, polycarbonate luer 
stopcock (Cole-Palmer) by a short piece of flexible (tygon) tubing.  Sampling ports #1-4 
were positioned on the bottom half of the reactor and spaced 15 cm apart, whereas ports #5-
7 were positioned in the upper half of the reactor and spaced 22.5 cm apart (see Figure 
3.1a).  The slotted PVC tubes allowed the moving pore water to flow into the tube and 
collect without obstruction/clog due to sediment and plant roots.   
The column reactors were filled with soil from the Beavercreek Wetlands and 
inoculated with soil cores from the constructed wetland site at Wright Patterson Air Force 
Base (WPAFB).  At the time of reactor construction, the water content of the soil ranged 
between 42-48% (w/w), and the average organic matter content was ~10% of the mass of 
dry soil. Typical wetland plant species were chosen for the reactors, as follows: for this 
study, reactors #1 (CC3) and #2 (CC2) with Carex camosa (CC), a wet-meadow sedge 
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(Weller, 1978); reactors #6 (SA2) and #9 (SA1) with Scirpus atrovirens (SA), a robust 
plant found in deep marshes [Weller, 1978]; and reactors #3 (CN3) and #11 (CN1) were 
control reactors with no plants.  Two different plant species were chosen to investigate the 
role of roots on biogeochemical processes in shallow wetland soil.  These plant species may 
possess substantially different root structures depending on the various attributes such as 
turions, anchored emergent leaves, high or low body flexibility, and high root:shoot 
biomass ratio [Willby et al., 2000].  Both plant species presumably have a difference in 
plant root mass based on the size of the plant at the top of the reactor.  The SA plants are 
much larger than the CC plants, which could lead to roots varying in size and depth.  Also, 
both CC and SA plants have large number of leaves that can volatilize contaminants [Yan, 
2006].   
The mesocosms, or column-reactors, were located in the Wright State University‟s 
greenhouse and were incubated continuously in the upward-flow mode since May 2005. 
The reactor numbers indicate their order among 12 such reactors in the Wright State 
University‟s greenhouse.  A peristaltic pump (Cole-Parmer, Master Flex L/S) was used to 
pump the feed water from a reservoir to the influent port of the mesocosms (Figure 3.1) 
nominally at ~2.5 mL min
-1
.  The water flow through the reactors is vertically upwards, and 
the effluent water drains out from the reactor top, 6” above sampling port #7.  The feed 
water was prepared by mixing distilled water and tap water with (about a 1:1) inside a 120-
L reservoir.  The feed waterhad a conductivity of 800-810 μS/cm was not deoxygenated 
prior to pumping into the reactors.  A syringe pump (KDScientific model 100) was utilized 
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to add PCE solution into the mixing chamber as part of a companion study. The syringe 
pump was loaded with a 50-mL gastight, glass syringe with Teflon tip plunger (Hamilton,  
Reno, NV) filled with a PCE stock solution (100 mg L
-1
), and the rate of syringe pump was 
adjusted (1 mL hr
-1
) to achieve a PCE concentration of about50 g L
-1 
in the mixing 
chamber.  A 1-L borosilicate glass mixing chamber with Teflon-lined cap was placed 
between the pump and the reservoir mixed continuously on a stir plate (see Figure 3.2c, for 
flow schematics).  
Fig. 3.1 Photograph of greenhouse reactors this study was based on. 
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Figure 3.2 Schematic of column reactor with dimensions and flow schematics; sampling 
port design also shown [Jung, 2007]. 
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3.2 Bromide Tracer Study 
A bromide tracer study was conducted to estimate the residence time of water in 
the mesocosms.  A water/PCE mixture is pumped into the base of the greenhouse reactors 
at a rate of ~2.5 mL/min.  As it travels upwards toward the top of the reactor, the mixture 
interacts with the soil present.  The longer the water and contaminant is in contact with 
the soil, the more degradation is able to take place.  It is important to know the residence 
time of water in the reactor.   
A control reactor, reactor 3 (CN3), was selected for the bromide trace investigation.  
First, flow rates were measured from the effluent every hour for five hours, on the same 
day, to ensure the reactor was flowing properly.  For this study, the effluent point was set 
at port 4, 67.70 cm from the bottom of the reactor.  This was done to reduce the 
dispersive effect on the breakthrough curve, since it would take longer for tracer to reach 
the top of the reactor.   
Once the preliminary tests were done the tracer study began.  A 100 mL slug of 
10% W/V stock potassium bromide (KBr) solution (LabChem Inc., Cat. No. LC18782-4) 
was injected into the influent of reactor 3 at 11:20 a.m. on April 18, 2007.  Soon after 
injection of the KBr solution, conductivity readings of the effluent water were taken at 4-
h intervals, except overnight when there was an eight-hour sampling interval.  In 
correspondence with each conductivity measurement, a water sample also was collected 
for for analysis by ion chromatography (IC) (Yan, 2006).  Conductivity measurements 
and water sampling continued until 12:05 p.m. on April 24, 2007.  A similar procedure 
was used previously to estimate residence time of the reactors, however the prior 
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experiment was not monitored long enough for a breakthrough curve to form (Yan, 
2006). 
3.3 Sampling and Analysis 
Water samples were collected from each port of all 6 reactors, and the 
concentrations of dissolved oxygen, Fe(II), ammonia, and major ions (SO4
2-
, Cl
-
, Na
+
, K
+
, 
Mg
2+
, Ca
2+
) were determined on three consecutive days each month between December 
2005 and August 2007 (see table 3.1).  Colorimetric methods (CHEMet Kits) were used 
to determine the concentration of dissolved oxygen, Fe(II), and ammonia and major ion 
analysis determined the concentrations of (SO4
2-
, Cl
-
, Na
+
, K
+
, Mg
2+
, Ca
2+
) was done by 
IC. A companion investigation determined dissolved VOC (chlorinated ethenes) in water 
samples from all 6 reactors during every month of the same study period. 
3.3.1 Sampling  
The planted reactors (#1, #2, #6, and #9) and control reactors (#3 and #11) were sampled, 
per schedule shown in Table 3.1.  
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Table 3.1 Sampling schedule for the six reactors examined in this study. 
Sampling Dates 
Reactors Sampled Analytes 
9/27, 9/28, & 9/29 (2006) 1 (CC 3), 2 (CC 2), 3 (Cont. 3), & 11 (Cont. 1) Ammonia (NH3) and Ions 
10/4, 10/5, 10/6 6 (SA 2) & 9 (SA 1) NH3 and Ions 
10/11, 10/12, & 10/13 1,2,6,& 9 D.O. and Iron 
10/23, 10/24, & 10/25 3 & 11 D.O. and Iron 
11/1 & 11/3 1 & 2 D.O., Iron, NH3, Ions 
11/7, 11/8, & 11/9 6 & 9 D.O., Iron, NH3, Ions 
11/15, 11/16, & 11/17 3 & 11 D.O., Iron, NH3, Ions 
11/29, 11/30, & 12/1 1 & 2 D.O., Iron, NH3, Ions 
12/4, 12/5, & 12/6 6 & 9 D.O., Iron, NH3, Ions 
12/13, 12/14, & 12/15 3 & 11 D.O., Iron, NH3, Ions 
1/16, 1/18, & 1/19 (2007) 1 & 2 D.O., Iron, NH3, Ions 
2/21, 2/22, & 2/23 1 & 2 D.O., Iron, NH3, Ions 
2/28, 3/2, & 3/3 6 & 9 D.O., Iron, NH3, Ions 
3/8, 3/9, & 3/10 3 & 11 D.O., Iron, NH3, Ions 
5/28, 5/29, & 5/30 1, 2, & 3 D.O., Iron, NH3, Ions 
6/4, 6/5, & 6/6  6, 9, & 11 D.O., Iron, NH3, Ions 
7/9, 7/10, & 7/11 1, 2, & 3 D.O., Iron, NH3, Ions 
7/11, 7/12, & 7/13 6, 9, & 11 D.O., Iron, NH3, Ions 
8/13, 8/14, & 8/15 1, 2, & 3 D.O., Iron, NH3, Ions 
8/14, 8/15, & 8/16 6, 9, & 11 D.O., Iron, NH3, Ions 
 
Prior to each sampling event (table 3.1) the flow rates for the sampled reactors 
were determined by measuring the volume of water exiting through the effluent port.  
The effluent water was collected in a 500 mL graduated cylinder for an hour, and then 
decanted into a 100-mL graduated cylinder for accurate volumetric measurement and 
flow rate calculation. 
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        Table 3.2 Flow rates (mL min-1) measured before water sampling for each reactor 
 Sampling 
Dates R#1 (CC3) R#2 (CC2) R#6 (SA2) R#9 (SA1) R#3 (Cont. 3) R#11 (Cont. 1) 
9/27/06 0.95 0.63     3.17 2.77 
9/28/06 1.97 0.67     3.35 2.80 
9/29/06 0.80 0.48     2.13 1.75 
10/4/06     1.14 1.19     
10/5/06     2.23 2.15     
10/6/06     1.05 1.02     
11/1/06 1.22 0.68         
11/3/06 1.07 0.98         
11/7/06     2.62 1.53     
11/8/06     2.65 2.65     
11/9/06     1.72 1.65     
11/15/06         2.88 2.77 
11/16/06         2.59 2.43 
11/17/06         1.69 1.55 
11/29/06 1.22 0.68         
11/30/06 1.52 1.07         
12/1/06 1.50 0.90         
12/4/06     0.95 1.23     
12/5/06     0.91 1.18     
12/13/06         2.77 2.77 
12/14/06         3.30 3.20 
12/15/06         3.07 2.75 
1/16/07 1.53 1.29         
1/18/07 1.75 0.95         
1/19/07 1.07 0.83         
1/23/2007     1.61 0.91     
1/24/2007     1.52 0.87     
1/25/2007     1.33 0.71     
1/30/2007         2.61 2.80 
1/31/2007         2.65 2.91 
2/1/2007         2.58 2.82 
2/21/07 2.22 0.99         
2/22/07 1.05 0.42         
2/23/07 1.65 0.92         
2/28/07     1.75 1.12     
3/2/07     1.12 1.20     
3/3/07     1.11 1.09     
3/8/07         2.57 2.60 
3/9/07         2.76 2.80 
3/10/07         2.78 2.60 
7/9/07 2.02 1.28     3.08   
7/10/07 1.63 0.95     2.83   
7/11/07 2.37 1.62     3.50   
8/14/07 1.63 0.95     2.83   
8/15/07 2.37 1.62     3.50   
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Prior to sampling each reactor port, the 3-way polycarbonate stopcock was 
opened to discard any stagnant water that may have accumulated within the PVC 
tubing/port.  20 mL of water was withdrawn from each port with a 20-mL luer-lock 
disposable polypropylene (Becton-Dickson) syringe.  The plunger was withdrawn slowly 
to prevent the formation of air bubbles in the syringe.  Syringes were fitted with 1-way 
male slip stopcocks (Cole-Parmer) to prevent of the samples to air.  Water samples were 
stored temporarily inside the syringes with the stopcock closed.  
In the absence of an anaerobic glove box in the greenhouse for transferring 
sample from the syringe to the glass vials, the following protocol was developed and used 
to minimize contact of the samples with air. A small piece of tygon tubing was slipped on 
the end of the stopcock connected to the syringe.  The water sample was then transferred 
from the syringe into a 5 mL glass vial, filling the vial from the bottom and thus 
displacing the air, and pulling the tygon tubing out of the bottle slowly as the vial was 
filled and 2-3 mL of the water sample overflowed.  The vial was then capped 
immediately with a Teflon-lined polypropylene cap and stored inside a cooler.  The 
syringe, stopcock and the tubing were rinsed with distilled water after each use, and the 
unit was replaced frequently.  For analysis of major ions by IC, water samples were 
transferred directly from the reactor ports into 1.5-mL microcentrifuge tubes (Seal-Rite, 
USA Scientific). The microcentrifuge tube flip caps were then closed, and the tube was 
stored in a cooler until analysis. For each sampling event, the reactors were sampled 
sequentially starting from port #7 (top) to port #1 (bottom) not more than once a day to 
avoid gravity driven, vertical mixing of the upward-flowing water in the reactors. 
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3.3.2 Sample Preparations 
Water samples collected in glass vials and centrifuge tubes were, stored in dark in 
a cooler and promptly transferred to the laboratory. In lieu of filtration, water samples 
were thoroughly centrifuged to separate particle and pore-water phases.  Control studies 
have suggested that Fe(II) results for filtered vs. centrifuged samples are comparable (see 
Appendix P; Powell and Myers, Personal Communication).  Samples in the glass vials 
were centrifuged at 2400 rpm for 20 minutes (IEC HN-S II Centrifuge) to remove 
sediment particles prior to analysis of dissolved oxygen (DO), Fe(II), and ammonia. 
Samples in microcentrifuging tubes were processed at 3200 rpm for 6-8 minutes (Becton 
Dickson Compact II Centrifuge) in order to remove sediment particles, prior to 
transferring the content into 0.5 mL autosampler polyvials with caps (Dionex) for major 
ion analysis.   
3.3.3 Colorimetric Estimation and IC Analyses 
 
Following centrifugation, samples were immediately analyzed for DO and 
dissolved Fe(II) by using CHEMets® Kit.  The CHEMets ampoule was placed inside the 
vial, and its tip was broken against the side to allow water to mix with the reagent in the 
ampoule.  The ampoule was then observed for 1 minute for Fe(II) and ammonia and 2 
minutes for DO, for complete reaction and color development.  The ampoule color is then 
visually compared with the reference color ampoules in the CHEMets® Kit box, and 
concentration is estimated.  A similar procedure is used for ammonia estimation except 
the samples are first mixed with two drops of stabilizer solution in a 5 mL disposable 
cup.  The ampoule kit was used to estimate ammonia by visual comparison with 
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reference ampoules, similar to colorimetric estimation method of DO and Fe(II) already 
described. 
 
pH, conductivity, and temperature were measured for each reactor once a month in 
the greenhouse.  This was done by filling a 25-mL plastic cup with at least 10-mL of 
water sample directly from each sampling port; the temperature and conductivity (μS/cm) 
measurements were made with an ORION Model 1150 conductivity meter, which was 
calibrated using reference standards, and pH was determined for the same samples with a 
Denver Instrument AP10 pH/mV meter. 
An ion chromatograph (Dionex model DX 2500) with an autosampler was 
utilized for major ion analysis. The unit can analyze anions and cations by switching 
from one mode to another (by changing the column/guard column, suppressor, and the 
eluent cartridge).  Since the IC unit cannot be switched from anion mode to cation mode 
at short notice, some microcentrifuge tubes containing water samples were stored in the 
freezer for anion or cation analysis at a later time, when necessary. The detailed 
procedures for IC operation and preparation of major ion standards are provided in 
Appendix A. 
 
3.4 Experimental Limitations 
 
The following limitations were encountered during the study.  The amount of 
water obtained from the ports in the syringe during sampling was not always sufficient.  
This was usually due to sediment clogging of sampling ports.  If the water could not be 
withdrawn with the syringe, an attempt was made to clear the clog by applying pressure 
by rapid plunging of the contents in the syringe attached to the sampling port.  This was 
33 
 
repeated multiple times until the clog cleared and water started to flow.  This did not 
introduce any external air into the system.  If the aforementioned approach does not work 
a more serious clog was anticipated blocking the water flow.  Simply removing the tube 
and valve allows for the clog to be dislodged.  If sample still does not escape then 50 mL 
of water was flushed through the port with a syringe.  Typically one of these methods 
would work and flow to the ports would be restored.  However, if none of those 
approaches worked then the port fitting was opened and thoroughly cleaned with a 
bottlebrush and water to remove any blockages.  Sampling was postponed for at least one 
day after cleaning.  
3.5 Data Organization 
All charts and figures show the averages of the three days of sampling for each 
month.  The graphs are set up so that the y-axis shows the port height on the column and 
the x-axis shows the concentration of each analyte.  All of the tables of data and 
associated graphs for the reactors can be found in Appendices B-O. 
 
 
 
34 
 
Section IV. Results and Discussion 
 
4.1 Bromide Tracer Study   
A bromide tracer test was conducted over a 6-day period to gather samples for the 
breakthrough curve of water in a representative soil-filled column reactor.  Figure 4.41 
shows time-series results for both the bromide concentration and conductivity of water 
sampled from the reactor at 68 cm above the inlet.  KBr has a higher conductivity than 
the water in the column, typically the conductivity of reactor 3 is ~800-810 µS and the 
conductivity of 1 g/L of KBr was found to be 1155 µS.  When the majority of the KBr 
passes through the effluent the conductivity should peak and then taper off.  Bromide and 
conductivity increase rapidly during the first 3 days of the test and then show no 
consistent increase or decrease with greater time. The initial increase of KBr 
concentrations and conductivity represent the introduction of the KBr to the effluent.  The 
concentrations and conductivity values begin to gradually rise as the KBr begins to 
diffuse through the water, with the values peaking when the mass of the KBr introduced 
arrives at the effluent sampling port.  The values of KBr should taper off after the peak.  
It is apparent that the amount of KBr added for this test increased substantially the 
conductivity of inflowing water.  The data show comparable trends with the peaks and 
drops in the values corresponding between the two different analyses.   
 
The experiment was prematurely concluded and the curve was not able to extend 
fully.  From the data that was obtained it has been determined that the KBr concentration 
peaked approximately 77.1 hours into the experiment, on April 21, 2007 at 5:25 p.m.  
The conductivity peaked at 1011 μS and the values from determined from the ion 
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chromatograph peaked at 68mg/L.  So if it took 77.1 hours to reach 66.7 cm then the 
residence time can be calculated as approximately 6.48 days ([(Total height of reactor 
(53.79)/ New effluent height (26.67)]*77.1=total number of hours for KBr to peak.  
Convert that to days).  In a previous study the residence time was found to be 
approximately 2.75 days (Yan, 2006).  However, that study was conducted in February of 
2006 (Yan, 2006), which was closer to the time of the reactor construction.  Typically 
tracer studies assume that the tracer moves with groundwater, so the distribution of the 
bromide concentrations show the distribution of the material in the subsurface that is 
applicable to the groundwater movement (Barth et al., 2001).  The increased residence 
time could be due to the fact that the reactor is more mature.  
 
Fig 4.1 Breakthrough curves for [Bromide] and conductivity collected from control 
reactor CN3 
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4.2 Temperature Data 
The temperature figures (Figures 4.2-4.4) show a general increasing trend present 
in all of the reactors, with a slight decrease in the top port of CN3.  Since the reactors are 
housed in a greenhouse the temperature is regulated.  There are a couple of possibilities 
for the temperature profiles.  Being in a greenhouse it could be that the direct sunlight is 
causing the higher temperatures in the top half of the reactor, which would be receiving 
the most sunlight.  Another possibility could be heat being radiated into the soil by the 
plants that could account for the localized temperature increase, which has been found in 
other studies (Chimney et al., 2006).  Also, the greenhouse is kept at a high, constant 
temperature, which would affect the overall temperature of the reactors.  All of these 
possibilities could be affecting the temperature trends seen below. 
 
 
Fig 4.2 Temperature of Reactor 3 (CN3) during October 2006-August 2007. 
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Fig 4.3 Temperature of Reactor 1 (CC3) during October 2006-August 2007. 
 
 
 
Fig 4.4 Temperature of Reactor 6 (SA2) during October 2006-August 2007. 
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4.3 Conductivity Data 
From the data seen in Figures 4.5-4.7 there is a distinct variation in the 
conductivity values in planted vs. control reactors.  The control reactor profiles (Figure 
4.5) are fairly consistent, as expected since there is no interaction from roots.  Higher 
values of conductivity are generally associated with the release of metabolites, ions, from 
plant tissue that decomposes (Chimney et al., 2006).  Since there are no plants present 
here the conductivity is not affected. 
 
The CC reactor (Figure 4.6) has increasing conductivity trends present for all of 
the months.  Similar trends can be seen in reactor 6 (SA2) as well (Figure 4.7).This is due 
to the presence of roots in the system.  The increase in conductivity occurs near the 
rhizosphere because metabolites, ions, are being introduced into the top of the reactor by 
the roots, as seen in other studies (Chimney et al., 2006).  Conductivity values are 
affected by the biogeochemical processes occurring in the reactor (Chimney et al., 2006).  
Eveapotranspiration could be one process that increases conductivity, because as water is 
being evaporated out of the system the same amount of ions are still present which would 
increase their concentrations and increase the conductivity.  Since plant roots are present 
and most of the biogeochemical processes are taking place in the top portion of the CC 
reactors, the conductivity is increasing.  This is seen in all of the planted reactors. 
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Fig 4.5 Conductivity of Reactor 3 (Control 3) during October 2006-August 2007. μS 
 
 
Fig 4.6 Conductivity of Reactor 2 (CC2) during October 2006-August 2007. 
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Fig 4.7 Conductivity of Reactor 6 (SA2) during October 2006-August 2007. 
 
4.4 Variations in Chloride Ions 
The figures (Figures 4.8-4.10) show an average of fall (October and November), 
winter (December, January, and February), and summer (June, July, and August) data to 
show possible temporal changes.  In the control reactor (Figure 4.8) there is little 
variation with chloride concentrations.  The CC reactor (Figure 4.9) shows an increasing 
trend at the top of the column.  The SA reactors (Figure 4.10) act similarly to the CC 
reactors.  The concentration of the chloride ion increases along the water flow path (i.e., 
from the lower to the upper part of the reactor, as observed in samples from port#1 
through port#7) during October ‟06 through December ‟06.  Reactor 6 (SA2) does appear 
to have a seasonal affect present.  Chloride is higher in fall and winter months and lower 
in summer months. 
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Since there are no plants in the control reactors to block the top of the reactor it is 
possible that the chloride travels to the top of the reactor and is removed by evaporation 
(Hayashi, 1998).  There is no real accumulation of the chloride so there is no major 
variation in the chloride trends.  With the CC reactors there are plants present so the roots 
affect the chloride concentrations, and the plants also block the entire diameter of the 
PVC pipe.  Since the plants block the top of the reactor little evaporation can take place 
so chloride can accumulate (Hayashi, 1998).  The water cannot evaporate because it has 
little contact with the air so the chloride collects at the root mass, increasing the 
concentration.     
This may also be due to the low flow of water through the reactors from the 
previous summer.  When the water was having difficulties reaching the top of the 
reactors the chloride could have accumulated.  When flow was restored the chloride was 
slowly being taken out of the system.  The higher values in the fall and winter months 
could just be the residual chloride concentrations from the summer.  That is probably 
why the concentrations stabilize for the following months. It may also be due to the 
relationship between hydrological characteristics and the concentration of dissolved 
organic carbon, with more carbon degradation more chloride is present (Waiser, 2006).  
A combination of both is a strong possibility in the planted reactors. 
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Fig 4.8 Variations of Cl
-
 in Reactor 3 (CN3) during October 2006-August 2007. 
 
 
Fig 4.9 Variations of Cl
-
 in Reactor 1 (CC3) during October 2006-August 2007. 
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Fig 4.10 Variations of Cl
-
 in Reactor 1 (CC3) during October 2006-August 2007. 
 
4.5 pH Data 
The graphs showing the measured pH value for each month are Figures 4.11-4.13.  In 
the control reactor (CN3; Figure 4.11), the variation in pH of the water along its flow 
path in the reactor is minimal.  The CC (Figure 4.12) reactor shows a significantly 
different profile with a decrease in pH at the upper portion of the reactor.  This SA 
(Figure 4.13) reactor shows a similar decreasing trend that is seen in the CC reactor.   
A couple different processes can release H+, which contributes to the increased 
acidity of pore-water.  One is the degradation of organic matter, with it degrading to form 
CO2 or organic acids.  These degradative processes can be seen in the following 
equations (1-3):   
CH3COOH  CH3COO
-
 + H
+
    [Equation 1] 
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CH3COOH  CH4 + CO2    [Equation 2] 
CO2 + H2O  HCO3
-
 + H
+
    [Equation 3] 
Another process is by the oxidation of methane or CO2 in aerobic conditions.  H+ can 
also be consumed, and acidity neutralized, by carbonate, silicate, and clay minerals 
present in the soil.  Plant roots also play a part in the acidification of the pore-water.  Live 
roots can introduce CO2 into the pore-water through respiration as well as releasing 
exudates that can degrade to form CO2 and organic acids, which both increase the acidity 
of the system.  Another possibility is the degradation of dead plant roots causing the pH 
to decrease.  
The pH may be influenced by the biogeochemical processes (such as calcium 
carbonate dissolution, Fe(III), sulfate, and nitrite reduction) that occur in the reactors in 
the presence of plants (Chimney et al., 2006). However, in the absence of the plants, the 
pH in the control reactors shows minimal variation.  The decreasing of pH is generally 
associated with the type of vegetation present (Chimney et al., 2006).  The dense root 
mass, both dead and living, likely to be present in reactor 1 can restrict the mixing and 
decomposition that enhance carbon dioxide concentrations, which has been seen before 
(Chimney et al., 2006).  The low pH found in the CC reactor corresponds with the higher 
calcium values found in this reactor.  SA reactors have similar trends as CC, however the 
trends are more consistent than in the CC reactors.  The decrease in pH is, again, 
probably due to the high density of the roots present (Chimney et al., 2006).  The 
restriction caused by the root presence increases the amount of carbon dioxide present in 
the reactor. 
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Fig 4.11 This graph shows the pH of Reactor 3 (CN3) during October 2006-August 2007. 
 
 
Fig 4.12 This graph shows the pH of Reactor 1 (CC3) during October 2006-August 2007. 
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Fig 4.13 This graph shows the pH of Reactor 9 (SA1) during October 2006-August 2007. 
 
 
4.6 Variation in Dissolved Oxygen  
At the beginning of the initial study of the reactors (January 2006) dissolved 
oxygen had reasonable, low values (see Section 3 for sampling methods); however, the 
DO values became erratic and irreproducible, and the results seemed difficult to explain.  
Given the thermodynamic order, oxygen should be depleted before any other process can 
take over.  However, DO values were found to be elevated even in a highly Fe(III) 
reduction zone, with sulfate reduction occurring as well.  The amount of oxygen found 
does not make sense with the other activity in the reactors.  Therefore, the collection of 
DO data was abandoned.  Figures 4.14-4.16 below show the average DO concentrations 
of collected over three consecutive days in a row over four months. 
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The planted reactors show (Figures 4.15-4.16) no real consistency or uniformity 
in their values or trends.  The concentration of oxygen is very high in all of them with the 
highest value reaching almost 0.3 mM, which clearly makes the sampling suspect.  The 
control reactor (CN3) does show a gradual decrease in DO along the water flow path 
(Figure 4.14), but the data still has large deviations making it unreliable. From the DO 
profiles available the best estimation for root depth is approximately at 35 cm for CC 
reactors and 25 cm for SA reactors, based on the elevated DO concentrations. 
 
 
 
Fig 4.14 Variations of DO in Reactor 3 (CN3) during October 2006-January 2007. 
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Fig 4.15 Variations of DO in Reactor 1 (CC3) during October 2006-January 2007. 
 
 
 
Fig 4.16 Variations of DO in Reactor 6 (SA2) during October 2006-January 2007. 
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4.7 Variations in Ammonia  
The concentration of ammonia shows its abundance in the control reactors CN3 
(Figure 4.17) and CN1 (Appendix C).  CN3 shows a steadily increasing trend up until 
port 7.  Similar to the iron data, the planted reactors show different profiles as compared 
to the control reactors.  Reactor 1 (CC3) (Figure 4.18) shows the oxic/anoxic boundary 
where an increase in ammonia is present.  There is an obvious difference in the ammonia 
profiles of CC reactor 1 and SA reactor 6 (SA2) (Figure 4.19) because there is not an 
increase in ammonia values at the oxic/anoxic boundary.   
Several processes can allow for the presence of ammonia in the system.  It can be 
formed from the degradation of organic matter in the soil and nitrogen fixation can occur 
without the presence of plants (Megonigal, 2004).  When plants are present, nitrate 
reduction can also be a mechanism for ammonia production (Megonigal, 2004). 
The increase of ammonia values in the control reactor may be due to the absence 
of plant roots that allow plant uptake and/or promote ammonia oxidation or increased 
ammonia production (Bodelier et al., 1996).  Ammonia is low in influent water (Figures 
4.17 – 4.19) and remains at levels less than 0.04 µM in the lower part (70 cm.) of the 
reactors.  Ammonia concentrations show an increase near the oxic /anoxic boundary, 
which is about 70 cm. in depth in CN3.  The source of this ammonia in CN3 is 
presumably from the decomposition or mineralization of organic matter in the wetland 
soil (Bowden, 1987).  Theoretically, ammonia could also form by dissimilatory 
nitrate/nitrite reduction or by nitrogen fixation, but it is less likely at the ambient 
conditions in the reactor due to lack of nitrate.  Ammonia concentration gradually 
increases along the water flow-path and becomes elevated in the upper 120 cm of the 
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reactor, where ammonia production appears to be greater than potential ammonia 
consumption/uptake.  The accumulation of ammonia in this interval may indicate that its 
oxidation by oxygen (Bodelier et al., 2000) and by reactive Fe(III) (Clement et al., 2005) 
may not be significant.  Further, ammonia uptake is expected to be minimal in the control 
reactor (with the absence of plant roots).   
The increase of ammonia in the CC reactors is presumably due to decomposition and 
mineralization of organic nitrogen in the wetland soil (Bowden, 1987).  While all 6 
reactors (planted and control) (Figures 4.17-4.19 and Appendix C) show an increase in 
the bottom 20 cm interval, a greater increase in ammonia in the bottom portion of the two 
CC reactors is evident.  The increase of ammonia also could be due to ammonification 
occurring in anaerobic soil (Davidsson and Stahl, 2000).  Ammonia concentrations 
decline rapidly in the upper 70 cm. of reactor 1(CC3).  This is quite remarkable and the 
loss in ammonia may be attributed to either its oxidative degradation or plant uptake or a 
combination of both processes.  Microbial ammonium oxidation could be coupled to (a) 
dissimilatory reduction of Fe(III) under anaerobic conditions (Clement et al., 2005) 
(Equation 1) (Gregory, 2006), (b) reduction of oxygen in plant rhizosphere, and (c) nitrite 
reduction by annamox processes (Equation 2). 
FeOOH + 3 H2O
-
 + e
-
  Fe
2+
 + 5H2O   [Equation 1] 
NH4
+
 + NO2
 
 N2     [Equation 2] 
 by oxygen introduced from the CC plant roots.  This decrease could be due to plant 
uptake and/or ammonia oxidation by ammonia oxidizing bacteria.   
Like the CC reactor there is still not much ammonia present in the top of the reactor, 
again probably due to plant uptake by the roots and ammonia oxidation.  These 
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mechanisms are probably more efficient in the SA reactors because of the larger root 
mass present.  The large root mass increases the aerobic zone, which coincides with the 
high Fe(II) data (Zhu and Sikora, 1995).  The higher dissolved Fe(II) and increased 
oxygen in the SA reactors causes the oxidation and depletion of ammonia to be more 
efficient.  This may be why there is not a peak in ammonia values in the bottom of the 
reactor.  The root mass is so large and oxidation and uptake are so prevalent that 
ammonia does not get a chance to form. 
 
 
Fig 4.17 Variations of NH3 in Reactor 3 (CN3) during October 2006-August 2007. 
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Fig 4.18 Variations of NH3 in Reactor 1 (CC1) during October 2006-August 2007. 
 
 
Fig 4.19 Variations of NH3 in Reactor 6 (SA2) during October 2006-August 2007. 
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4.8 Variation in Nitrite Ions 
In the control reactors (Figure 4.20) there is a fairly uniform profile present.  The CC 
reactor (Figure 4.21) shows a general increasing trend.  Similar trends are seen in the SA 
reactors (Figure 4.22), although not as consistent as the CC reactors. 
Nitrite can form from the oxidation of ammonia.  Some common oxidants of 
ammonia are Fe(III) and O2 (Clement et al., 2005).  In control reactors, with the lack of 
oxygen released from plant roots nitrification does not readily occur so nitrite values are 
not able to increase (Reddy et al., 1989).  The increasing trends of the nitrite in the CC 
reactors coincide with the decrease in ammonia values and the presence of oxygen.  In 
the planted reactors there are also two oxidants possible; O2 (Radial oxygen loss (ROL)) 
and reactive Fe(III) (a byproduct of ROL and Fe(II)).  ROL from plant roots can cause 
the oxygenation of ammonia to nitrite (Reddy et al., 1989).  It is unusual that nitrate was 
not detected in any of the reactors.  This could be because the nitrification cycle may not 
be complete.  This suggests that Fe(III) is the likely oxidant (Clement et al., 2005).  It is 
also a possibility that ammonia is being anaerobically oxidized (anammox) which could 
account for the lack of nitrate, because as the nitrate is being produced it could be 
immediately consumed and used to oxidize ammonia (Megonigal, 2004).  The similar 
trends seen in the SA reactors suggest that similar processes are occurring in both types 
of planted reactors.      
   
54 
 
 
Fig 4.20 Variations of NO2
-
 in Reactor 3 (CN3) during October 2006-August 2007. 
 
 
Fig 4.21 Variations of NO2
-
 in Reactor 1 (CC3) during October 2006-August 2007. 
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Fig 4.22 Variations of NO2
-
 in Reactor 6 (SA2) during October 2006-August 2007. 
 
 
4.9 Variations in Iron  
 
Vertical variations of Fe(II) in the planted and control reactors are shown in 
Figures 4.24 4.27. The distribution of Fe(II) in the deep part of the reactors, the lower 50 
cm of the reactor, appears to be similar among control and planted treatments; however, 
pore fluids in surface sediments of the planted reactors show a distinctly higher Fe(II) 
level.  In control reactors (Figure 4.24), a slightly lower concentration of Fe(II) is 
observed around 90 – 135 cm.  The CC and SA treatment reactors have plant roots and 
greater levels of Fe(II) in pore fluids near the surface reactors (Figures 4.25-4.27). 
The Fe(II) in the deepest part of the planted and control reactors (from 0 – 20 cm.) 
is relatively low (< 0.01 µM), which suggests that either 1) there is little Fe(II) in 
inflowing water, as might be expected given that the water was oxygenated (Sobolev and 
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Roden, 2002), 2) minimal iron reduction occurs at this depth, or 3) iron oxidation is 
enhanced in this horizon relative to reduction.  However, soon after the oxygen 
concentrations began to decrease (Figure 4.14 – 4.16).  Fe(II) concentrations begin to 
increase with decreasing depth in the control and planted reactors.  Depths of increased 
Fe(II) in the reactors (about 70 – 100 cm; Figures 4.24 4.27) correspond generally with 
the horizon of rapidly decreasing oxygen (Figure 4.14).  This indicates that elevated 
Fe(II) at these depths may be attributed to the activity of Fe(III) reducing bacteria in the 
soil. 
The lower Fe(II) concentration seen in the control reactors (Figure 4.24), is 
expected to represent a largely anaerobic zone in the absence of plant roots.  Some Fe(II) 
is still present in the top half of the reactor which suggests that Fe(II) is being added to 
the pore fluid, possibly from Fe(III) present in the soil.    
As noted, increased Fe(II) in the rhizosphere may be attributed to microbiological 
processes associated with the roots.  Organic constituents associated with plant roots 
(exudates and dead organic matter) can serve as electron donors for microbial iron 
reduction (Roden and Wetzel, 1996).  Additionally, organic material can directly transfer 
electrons to Fe(III) resulting in Fe(II) (Vepraskas and Faulkner, 2000).  Given that 
wetland soils often contain molar quantities of Fe(III) (Roden, 2003), increased levels of 
Fe(II) in the rhizosphere of planted reactors (Figures 4.25-4.27) most probably result 
from processes associated with roots that provide variable amounts of electron donors.  
Further, it is expected that the plant roots may be leaking oxygen (a process 
known as „radial oxygen loss‟) in the upper part of the reactors. Such oxygen leakage in 
the plant rhizosphere may cause Fe(III)-plaque to accumulate which also becomes 
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available for a subsequent reduction by microbial processes (Weiss et al., 2003).  The 
amorphous form of Fe(III) oxide in root-associated iron plaque is more readily reduced in 
comparison to Fe(III) phases present in the bulk wetland soil (Phillips et al., 1993; Weiss 
et al., 2004).   
 
Fig. 4.23. Monthly variation of Fe(II) concentrations in port 6 of Reactor 6 (SA2) and 
Reactor 9 (SA1).  
 
 
Seasonal Changes: There is a seasonal variation of Fe(II) in the two SA reactors.  Figure 
4.26 shows that Fe(II) is greatest during the fall months and substantially less in winter 
and summer.   One possible explanation for greater Fe(II) in October-December is plant 
senescence during the fall months.  Root decomposition releases organic matter that can 
promote Fe(III) reduction (Weiss et al., 2004).  Oxygen leaks from roots of growing 
plants (Weiss et al., 2005), and the lower Fe(II) values in summer months may be 
attributed to oxidizing sedimentary conditions, which inhibit Fe(III) reduction (King and 
Garey, 1999).   
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Fig 4.24 Variations of Fe(II) in Reactor 3 (CN3) during October 2006-August 2007.   
 
 
Fig 4.25 Variations of Fe(II) Reactor 1 (CC 1) during October 2006-August 2007. 
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Fig 4.26 Variations of Fe(II) Reactor 6 (SA2) during October 2006-August 2007. 
 
 
Fig 4.27 Variations of Fe(II) Reactor 9 (SA1) during October 2006-August 2007. 
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4.10 Variations in Sulfate Ions 
Sulfate data collected for all of the reactors looks similar (Figures 4.28-4.30).  Figures 
show an average of fall (October and November), winter (December, January, and 
February), and summer (June, July, and August) data to show possible temporal changes.  
The control reactor (Figure 4.28) shows a slightly decreasing trend.  The CC (Figure 
4.29) and SA (Figure 4.30) reactors all have the same basic trend: gradual decrease in 
sulfate concentration from the influent to port 7.   
The presence of sulfate is important in determining the pathways and rates of 
anaerobic carbon mineralization because the presence of sulfate could indicate a decrease 
in methane production due to the competition of anaerobic bacteria (Blodau et al., 2007).  
Sulfate reduction inhibits methane production, just as Fe(III) reduction inhibits sulfate 
reduction (Lovley and Phillips, 1987).  Fe(III) reducing bacteria (FeRB) have the ability 
to metabolize electron donors at very low concentrations, lower than the concentrations 
that SRB are able to metabolize the donors, as long as the electron donor is H2 (Lovley 
and Phillips, 1987).  This is an important fact, because in Fe(III) reduction zones sulfate 
is typically suppressed (Lovley and Phillips, 1987).  So, in the zones in the reactor where 
there are high concentrations of Fe(II) there should be high concentrations of sulfate 
because the FeRB are out competing the SRB. 
The slight decrease of sulfate in the control reactor may be affected by the 
presence of sulfate reducing bacteria (SRB) present in the soil.  This suggests that, while 
plants can affect sulfate reduction because of the labile carbon being introduced, sulfate 
reduction will occur without the presence of plants.   
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For the CC reactors there is a distinct decrease in sulfate concentrations at ports 3 
and 4.  This coincides with the Fe(II) profile for the reactor.  There is a drop in Fe(III) 
reduction in the CC reactors (Figure 4.29) from ports 3 to 5, this is where sulfate 
reduction can then take over.  The increased sulfate reduction present in the middle of the 
reactor could also be the cause of the lower Fe(II) values in the top half of the CC reactor.  
Sulfate reduction can inhibit FeRB because the dissolved sulfide that is produced can 
chemically reduce the bioavailable Fe(III) hydroxides (Koretsky et al., 2003).  This 
would restrain the reduction of Fe(III) in the CC reactor because some of the Fe(III) 
hydroxides would be chemically reduced and unavailable for microbial reduction by 
FeRB.  
There is also a drop at ports 3 and 4 in the SA reactor, however it is only for three 
months.  For the SA reactor there is more of a constant decreasing trend.  Considering the 
Fe(II) profiles for this reactor it does not fit with the idea that Fe(III) must be complete 
before sulfate reduction can take place.  An option for the decrease in the SA reactor 
could be due to plant uptake (Blodau, 2007).  This could also be the reason for the 
decrease in top of the CC reactor.  Another possibility for the planted reactors could be 
that Fe(III) reduction and sulfate reduction are not being limited by electron donors and 
acceptors, so both process can occur simultaneously (Lovley and Phillips, 1987). 
  More than likely it is a combination of both plant uptake and the occurrence of 
sulfate reduction.  With the presence of plant roots in the CC and SA reactors plant 
uptake is always a possibility.  And, following the order of thermodynamics, Fe(III) 
reduction and sulfate reduction can occur at the same time if there are enough electron 
acceptors and donors present (Lovley and Phillips, 1987). SO4
2-
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Fig 4.28 Variations of SO4
2-
 in Reactor 3 (CN3) during October 2006-August 2007. 
 
 
Fig 4.29 Variations of SO4
2-
 in Reactor 1 (CC3) during October 2006-August 2007. 
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Fig 4.30 Variations of SO4
2-
 in Reactor 6 (SA1) during October 2006-August 2007. 
 
 
 
4.11 Cation Data 
Cation data was collected in correspondence with iron, ammonia, and anions.  
There may be a possible artifact of the system present in the data.  In the summer before 
sampling began there were some flow problems present in the reactors.  Water was not 
reaching the effluent tube at the top of the reactor and water was not readily flowing from 
the ports either.  This may be the cause for the higher values of cation concentrations in 
the fall months.  The cations may have accumulated and become saturated, so when flow 
was restored the concentrations remained high until the residual ions were flushed from 
the system. 
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4.11.1 Variation in Calcium Ions 
The figures (Figures 4.31-4.33) show an average of fall, winter, and summer data 
to show possible temporal changes.  There are lower concentrations of calcium at the 
influent with an increase once it has entered the reactor.  In the control reactor (Figure 
4.31), the Ca concentrations stabilize after the initial increase.   In both the CC (Figure 
4.32) and SA (Figure 4.33) reactors there is an increasing trend.  The increase starts at the 
bottom of the reactor, where there was also an increase seen in the control reactors.  
However, in the CC reactor the trend increases more to the top of the reactor. 
 The trend seen in the profile for CN3 could be due to the system being in 
equilibrium, the ion activity product (IAP) is equal to the solubility product (Ksp) so Ca is 
not being dissolved or precipitated (ACS).  Another possibility is there are no plant roots 
to affect the concentrations by respiration or degradation.  This would cause the system to 
be less acidic and less Ca to be precipitated.  One reason why the calcium concentration 
is higher in the root zone of the CC and SA reactors could be due to calcium carbonate 
dissolution by the roots.  There are lower concentrations of calcium near the bottom of 
the reactor where calcium carbonate is still present.  When the pH is lower near the root 
zone, calcium carbonate is dissolved.  Because the anaerobic and aerobic oxidation of the 
organic matter present in the rhizosphere can decrease pH and cause the dissolution of 
calcium carbonate (Komor, 1994).   This would release the calcium causing an increase 
in concentrations at the top of the reactor.  The pH in both the CC and SA reactors 
decreases in the top half of the reactor.  This would make the dissolution of calcium 
carbonate present in the soil a more feasible reason for the increased values of Ca found.   
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Fig 4.31 Variations of Ca
+
 in Reactor 3 (CN3) during October 2006-August 2007. 
 
 
Fig 4.32 Variations of Ca
+
 in Reactor 1 (CC3) during October 2006-August 2007. 
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Fig 4.33 Variations of Ca
+
 in Reactor 6 (SA2) during October 2006-August 2007. 
 
4.11.2 Variation in Magnesium Ions 
The figures (Figures 4.34-4.36) show seasonal averages of data like that seen in the 
other cation species in order to show possible temporal changes.  In the control reactor 
(Figure 4.34) magnesium is showing a fairly constant profile.  There are no major 
increases or decreases.  Reactor 1 (CC3) (Figure 4.35) does not show much variation 
from the control reactor.  For the most part the profiles stay constant from the influent to 
the top of the reactor.  The obvious exception is the concentration from October.  The 
main increase in October is in the bottom portion of the reactor.  The same can be said for 
the SA reactor (Figure 4.36).  Even though the concentrations of magnesium differ in the 
influent for each month the trends are constant.  There are some slight increases seen in a 
couple of the months, but this occurs mainly in the bottom half of the reactor. 
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The lack of variation in the control reactors (Appendix H) is probably due to the 
fact that there is no plant present.  Magnesium could be sorbed to peat (Sjörs and 
Gunnarsson, 2002), which is present at the reactors.  Increasing magnesium 
concentrations could be due to the dissolution of dolomite present in the soil:  
Ca Mg(CO3)2 + 2CO2 + 2H20  CA
2+
 + Mg
2+
 + 4HCO3
-
 
The CC profiles correspond with the higher pH data found in the lower portion of the CC 
reactor (Figure 4.12).  There is a jump from a pH of 6.5 to 7.5 around the same are as the 
increase in magnesium concentrations.  This may be because when pH is more 
circumneutral then there are higher levels of mineral cations, such as magnesium, present 
(Nicholson, 1995).  In the SA profiles there are some slight increases seen in a couple of 
the months, but this occurs mainly in the bottom half of the reactor.  This again, could be 
due to the pH levels in the reactor creating a favorable environment for higher levels of 
magnesium to form (Nicholson, 1995). 
 It does not make since that a higher pH would cause the dissolution of dolomite in 
the lower half of the reactor.  A lower pH would make more sense.  So it is unlikely that 
the increase found in the CC reactor is due to dolomite dissolution.  Having a more 
circumneutral pH that promotes a favorable environment for increased levels of 
magnesium seems more reasonable. 
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Fig 4.34 Variations of Mg
2+
 in Reactor 3 (CN3) during October 2006-August 2007. 
 
 
Fig 4.35 Variations of Mg
2+
 in Reactor 1 (CC3) during October 2006-August 2007. 
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Fig 4.36 Variations of Mg
2+
 in Reactor 6 (SA2) during October 2006-August 2007. 
 
4.11.3 Variations in Potassium Data 
The control reactor 3 (CN3) (Figure 4.37) shows minimal variation in the ambient 
potassium concentration (no significant increase or decrease) along the water flow path.   
However, some variation is noticed in the influent potassium concentrations during the 
study period.  Planted reactor CC3 (Figure 4.38) shows a decidedly different trend.  
Although the profile stays consistent in the bottom half of the reactor there is a dramatic 
drop in potassium ion concentration in the upper part of the reactors.  The monthly trends 
of potassium ion in CC reactors are quite similar to each other and little seasonal effect 
may be evident.   A related fact is that CC reactor does not show seasonal trends in any 
other parameter. Since plants are also present in the SA reactor (Figure 4.39) there is a 
similar trend like that seen in the CC reactors, although slight variations are present 
between the two.  
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Potassium is a nutrient for plants.  That would account for the minimal variation 
present in the control reactors; there are no plant roots present.  In the planted reactors, 
both CC and SA, it is presumed that such gradual decline in potassium along the water 
flow path is due to its uptake by plant roots (Sjörs and Gunnarsson, 2002).   Also, a 
possibility for the lack of seasonal effect is the fact that the reactors are located in a 
greenhouse (temperature ~20-22°C), and the plants are alive in the winter.  While it is 
possible that some of these plant roots undergo some degree of senescence during winter 
months (shorter days), there appears to be considerable roots present in the reactors to 
support a live plant, which is evident from a comparable potassium uptake in winter 
months. 
While both SA and CC have plants present there is still some variation between the 
two.  The profiles of the CC reactors (Appendix I) may indirectly suggest that the roots 
for Carex comosa may not extend beyond the upper half of the reactors, because there is 
a dramatic decrease in potassium concentrations in the upper half of the CC reactors 
because of plant uptake (Sjörs and Gunnarsson, 2002).  SA reactors also show the 
decrease in K concentration probably due to uptake by roots, but its trend is different than 
observed in CC reactors. The decline in K in the upper part of the SA reactors is not as 
sharp, instead the decline in K is more uniform along the water flow path suggesting the 
differences in distribution of roots and its uptake behavior. 
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Fig 4.37 Variations of K
+
 in reactor 11 (CN1) during October 2006-August 2007.   
 
 
Fig 4.38 Variations of K
+
 in Reactor 1 (CC3) during October 2006-August 2007.   
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Fig 4.39 Variations of K
+
 in Reactor 6 (SA2) during October 2006-August 2007. 
 
 
 
4.11.4 Variations in Sodium Data 
Control reactor (CN3) (Figure 4.40) as well as planted reactors (SA1) (Figure 
4.42) and CC3 (Figure 4.41) show a nearly constant Na profile along the water flow path, 
and no major increases or decreases in Na values were observed (Appendix J).  Such 
absence of differences between the planted and control reactors suggests that Na is a 
conservative species with respect to uptake and sorption, and plant may not impose much 
influence on the behavior of dissolved Na. 
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Fig 4.40 Variations of Na
+
 in Reactor 11 (CN1) during October 2006-August 2007. 
 
 
Fig 4.41 Variations of Na
+
 in Reactor 1 (CC3) during October 2006-August 2007. 
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Fig 4.42 Variations of Na
+
 in Reactor 9 (SA1) during October 2006-August 2007. 
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Section V. Summary 
 
This research has proved helpful in the better understanding of redox reactions and 
other geochemical parameters at the greenhouse reactor scale simulating the treatment 
wetland at Wright-Patterson Air Force Base in Dayton, Ohio.  The following is a 
summary of the findings from this thesis: 
 The type of wetland plant present in the reactors definitely makes a difference 
in the redox reactions of.  The size of the plant and the depth to which the 
roots reach affect the amount of oxygen introduced into the soil, and thus, 
affecting the amount and type of cycling present.   
 Based on the results obtained in this study, it was found that ammonia is an 
important component in the reactors.  The behavior of ammonia was distinctly 
different between all three types of reactors studied.  The control reactors 
showed that formation of ammonia can occur in the soil, without vegetation 
present, after the oxygen from the influent water has been depleted.  The 
ammonia continued to increase throughout the reactor, which was a different 
behavior than that seen in planted reactors.  The CC reactors also had a large 
peak in ammonia formation in the bottom of the reactors, but those 
concentrations then decreased abruptly when it came into contact with plant 
roots.  This decrease provides an approximation of where the root zone is 
present in the reactor because the oxygen the roots are releasing is likely 
oxidizing ammonia, or plants are taking it up.  SA reactors did not show the 
same increase in ammonia at the base, or anywhere else along the water flow 
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path, which suggests that the same combination of plant uptake and ammonia 
oxidation are occurring.  The difference is the plant roots of the SA plants 
likely reach much further down into the reactors. 
 A gradual increase of nitrite was observed along the water flow path of the 
planted reactors, with little variation present in the controls.  This increase 
could be due to the coupling of aerobic and anaerobic ammonia oxidation 
causing nitrification to occur. 
 Iron redox cycling was a dominant process in the wetland plant roots.  As 
oxygen is released from the plant roots it oxidizes the Fe(II) present in the soil 
and forms Fe(III) plaque on the surface of the roots.  This Fe(III) plaque, 
being amorphous in composition was then easily reduced back into Fe(II) in 
the anoxic soil.  This Fe(II) was then available for oxidation again, thus 
continuing the cycle.  This established the oxidizing conditions in the shallow 
zones. 
 Sulfate reduction was apparent in all three types of reactors.  This suggests 
that SRB already present in the soil are the cause for the majority of the 
reduction.  In the CC and SA reactors it is possible that some plant uptake 
may be occurring as well.  With this occurring throughout it suggests that 
there were enough electron donors present so sulfate reduction was not 
inhibited by iron reduction. 
 Gradual increases in calcium and magnesium concentrations are present in 
vegetated soil, which correspond with the lower pH values found in the 
planted reactors.  The calcite and dolomite present in the soil could be 
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dissolving, freeing the calcium and magnesium and increasing their 
concentrations. 
 Potassium, a nutrient used by plants, showed dramatic profiles.  Control 
reactors had minimal variations, while the planted reactors showed drastic 
drops in concentrations as the potassium came into contact with the roots. 
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Appendix A: Ion Chromatography Standard of Procedure 
 
 
Dionex Ion Chromatograph - Standard of Procedure 
December 2006 
Sarah Tritschler & Christina Powell 
 
Set up the Ion Chromatograph (IC) for analysis of samples.  This is done so that the 
IC can stabilize before samples are analyzed. 
 
o While the pump is off and disconnected make sure the containers of DI 
water located on top of the IC are full.  If the containers are not full then 
they should be taken down and filled with filtered DI water, which is 
obtained from a Barnstead NANOpure Infinity Ultrapure Water System 
with a resistivity of 18.0-18.1 MΩ cm.  This should be done while wearing 
gloves so that the water is not contaminated in any way. 
 
o Once the water is filled and the caps are put back on securely then the IC 
should be primed to remove any air bubbles that may have gotten trapped 
in the tubes between runs.  This is done by opening the door below the 
pump and turning the upper left knob counter clockwise until a clicking 
noise is heard (approx. 2-3 turns).  Once the valve is open hit the prime 
button and let the machine prime for 5 (if the IC has been run recently) to 
10 (if the IC has not been run recently) minutes.  When it is finished 
priming hit the off button and close the valve by turning the knob 
clockwise until it is finger-tight.  
 
o Open up the correct panel for analysis by clicking on the Browse button, 
the third from the left, causing a window to pop up.  On the left scroll 
down menu click on the Panels folder and that will bring up a few 
selections in the right scroll down menu.  Double click on either the 
cations or anions panel, whichever is to be analyzed.  The panel will open.  
On the panel connect the pump, eluent, and suppressor by checking the 
box to the left of each heading, and then turn the pump on.   
 
o After the pump is on, set the temperature, eluent, flow rate, and suppressor 
conductivity values according to which ions are to be sampled.  Also make 
sure the type of eluent is correct for the ions that are being analyzed, MSA 
for cations and OH for anions.  Set the suppressor to CSRS_4mm when 
analyzing for cations and ASRS_4mm when analyzing for anions.  That 
information is found on the Quality Assurance Reports found in the 
drawer below the IC.  There is a report for both anions and cations. 
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o In order to see how the IC is stabilizing go to the toolbar and click on 
Control.  In the drag down menu click on Acquisition On.  There is a 
window that pops up and shows ECD-1 and ECD-total.  When that 
window pops up click on OK.  Once that has been done the baseline 
should appear on the screen.  When the line is flat and the conductivity 
reading on the IC itself is close to or below 1 then the IC is stable and can 
be run. 
 
Prepare standards so it can be determined that the IC is running properly.  These 
standards are run everyday before any samples are run. 
 
o Four different standard concentrations need to be determined for each cation and 
anion based on their maximum and minimum concentrations in the system (ex. 
For Na
+
: 6 mg/L, 20 mg/L, 60 mg/L, 200 mg/L).  
o Standards are prepared using stock solution.  The volume (V1) of the cation or 
anion stock solution to be used is calculated by using the following formula:   
C1V1=C2V2 
Where:  
C1=Concentration of the stock solution (ex. 1000 mg/L) 
C2=Concentration of the standard (100 mL for the greenhouse standards) 
V2= Volume of the standard 
 
Analyte Manufacturer 
Stock 
Chemical 
Volume of Stock 
Solution 
Concentration of Standard 
Solution 
Cations         
Mg FisherChemicals Magnesium 1000 ppm 1, 3, 10, and 30 mg/L 
Ca FisherChemicals Calcium 1000 ppm 3, 10, 30, and 100 mg/L 
Na FisherChemicals Sodium 1000 ppm 6, 20, 60, and 200 mg/L 
K FisherChemicals Potassium 1000 ppm 0.1, 0.3, 1, and 3 mg/L 
Anions         
SO4 LabChem Inc. Sulfate 1000 ppm 3, 10, 30, and 100 mg/L 
NO3 LabChem Inc. Nitrate 1000 ppm 0.3, 1, 3, and 10 mg/L 
NO2 LabChem Inc. Nitrite 1000 ppm 0.3, 1, 3, and 10 mg/L 
Cl Aqua Solutions Chloride 1000 ppm 10, 30, 100, and 300 mg/l 
 
 
o The stock solutions need to be shaken to allow for even concentration 
distributions in the bottles. 
o The lowest calculated volume of stock solution for a cation or anion is withdrawn 
using the appropriate sized pipette, for small amounts (10-100 μl) an Eppendorf 
Digital Pipette 4710 was used and for larger amounts (0.5-5 mL) a Wheaton 
adjustable macropipette was used.  This is placed into a 100 mL Erlenmeyer flask 
(washed prior with DI water) that contains a small layer of DI water on the 
bottom.  This step is repeated three more times for each of the increasing 
calculated concentrations.  
88 
 
o The lowest calculated volume of stock solution for a second cation or anion is 
withdrawn using the appropriate sized pipette.  This is added to the 100 mL 
Erlenmeyer flask that contains the lowest calculated volume of stock solution of 
the first cation or anion.  This is repeated, like the first ion, three more times for 
each of the increasing calculated concentrations.  
o This procedure is continued until the calculated volumes of the stock solutions for 
all the cations or anions are added to the Erlenmeyer flasks.  The pipette tips 
should be disposed of or cleaned after each stock solution. There will be four 
standard solutions prepared with all of the lowest concentrations of the cation or 
anion stock solutions mixed together in one Erlenmeyer flask. 
o The Erlenmeyer flasks are then topped off with DI water for a volume of 100 mL.  
The solution is mixed, by swirling the flask, while the DI water is added.   
o Four 125 mL plastic bottles need to be cleaned with DI water and labeled with the 
appropriate standard concentration for each anion or cation and the date.   
o  The standards in the Erlenmeyer flasks are transferred to the plastic bottles and 
stored in the refrigerator.   
 
 
Collect samples for major ion analysis from greenhouse reactors. 
 
o Label 1.5 mL USA Scientific microcentrifuge tubes with attached flip caps for the 
reactors and ports that will be sampled. 
 
o Open the valve on the port that is to be sampled. (Sampling starts at port 7 and 
continues down to the influent).  Let the first few mL of water drain from the port; 
this water is stagnant and would give inaccurate results.  After the stagnant water 
has drained put the centrifuge tube under the port and collect the necessary 
amount of sample.   
 
o Close the cap and when all of the samples have been collected return to the lab.  
 
After collection prepare samples for analysis by the IC. 
 
o Once samples have been collected in 1.5 mL microcentrifuge tubes, they are 
brought to the lab and put into the small Becton Dickson Compact II Centrifuge at 
3200 rpm.  They are then centrifuged for 6-8 minutes, or until all of the sediment 
is compact in the bottom of the tube.   
 
o The sample is then placed into a 0.5 mL Polyvials (Dionex).  This is done by 
using a clean 5 mL disposable polypropylene syringe (BD (Becton, Dickenson 
and Company)) with an 18-gage needle attached to pull the water from the 
centrifuge tubes and then injecting it into the vials.  Once the water has been 
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transferred, a Polyvial filter cap is then pushed down into the center of the vial.  
These vials are placed in sampling trays and put into the auto-sampler.  
 
Store the ion samples that are not being used immediately in the freezer for analysis 
at a later time.  Since the IC cannot be changed from anions to cations each day 
some samples must be frozen.  
 
o When both anions and cations are collected but both of them cannot be analyzed 
at the same time, one of them is stored for use later.  In order to preserve the ions, 
the samples are placed in the freezer. 
 
o Before analyzing the frozen samples, remove them from the freezer and let them 
thaw.  Once melted, the samples can be prepared as previously described. 
 
Create a spreadsheet to keep a record of the IC’s analysis.  The spreadsheet should 
be made to the specifications necessary for what is being analyzed. 
 
o Click on the Browse button and a window will pop up.  Open up a spreadsheet 
and type in the name of the samples in the left column.  In the second column 
indicate, by clicking on the arrow for the drop down menu, if the vials are 
standards, blanks (DI water), or unknown (water samples).   
 
o Once all of the samples have been labeled enter an extra sample at the end of the 
spreadsheet with the title of “none.”  In the next column all of the samples should 
be under the heading of Generic Cations/Anions except for the one labeled “none” 
which should be changed, using the drop-down arrow, to Generic Cations/Anions 
Shutdown in order to turn off the auto-sampler when it is finished.   
 
o In the far right column all of the samples should be labeled as single, using the 
drop-down arrow, so the IC knows that the sample still needs to be run.   
 
o Once all of the necessary changes have been made the spreadsheet should be 
saved.  
 
Run the IC once all of the standards and samples are placed into the auto-sampler. 
  
o Make sure the first few vials are the standards that have been prepared followed 
by a vial of DI water.  Place the samples being analyzed after the standards. 
 
o On the toolbar click on Control and then Acquisition Off, when the window pops 
up click OK.   
 
o Then click on Batch and edit.  In the window that pops up remove whatever 
spreadsheets may be there and then click on Add.  Browse through the list of 
possible spreadsheets and choose and double-click on the file that was made 
previously.  
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o Once back in the original window click on Ready Check.  If the next window that 
pops up says Ready Check Successful then close that window and click on Start.  
If it does not say Ready Check Successful then make the necessary changes and 
click on Ready Check again until it is successful. 
 
When the analysis is complete the IC will turn off on its own. 
 
 
Appendix B: Dissolved Fe(II) Tables and Plots 
 
Reactor 3 (CN3) 
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Reactor 11 (CN1) 
 
 
 
Reactor 1 (CC3) 
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Reactor 2 (CC2) 
 
 
Reactor 6 (SA2) 
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Reactor 9 (SA1) 
 
 
 
 
October  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.007 0.001 0.054 0.113 0.032 0.023 
P6 114.80 0.028 0.003 0.098 0.101 0.022 0.027 
P5 90.90 0.027 0.033 0.072 0.042 0.018 0.027 
P4 67.70 0.033 0.030 0.036 0.066 0.001 0.033 
P3 53.20 0.027 0.048 0.021 0.033 0.022 0.033 
P2 37.00 0.027 0.030 0.001   0.021 0.021 
P1 22.40 0.004 0.002 0.001   0.001 0.001 
Influent  0.00 0.000 0.000 0.000 0.000 0.000 0.000 
        
        
November Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.002 0.001 0.004 0.063 0.023 0.015 
P6 114.80 0.027 0.001 0.093 0.069 0.011 0.002 
P5 90.90 0.008 0.021 0.051 0.024 0.007 0.021 
P4 67.70 0.015 0.013 0.014 0.033 0.010 0.036 
P3 53.20 0.021 0.018 0.004 0.024 0.024 0.021 
P2 37.00 0.015 0.008 0.005 0.001 0.027 0.021 
P1 22.40 0.001   0.001 0.001 0.004 0.002 
Influent  0.00 0.000 0.000 0.000 0.000 0.000 0.000 
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December  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.001 0.004 0.001 0.039 0.027 0.017 
P6 114.80 0.010 0.001 0.036 0.054 0.005 0.015 
P5 90.90 0.006 0.013 0.027 0.017 0.016 0.019 
P4 67.70 0.024 0.005 0.010 0.006 0.005 0.021 
P3 53.20 0.018 0.039 0.001 0.019 0.004 0.015 
P2 37.00 0.027 0.004 0.005 0.003 0.017 0.011 
P1 22.40 0.002 0.002 0.001 0.001 0.001 0.001 
Influent  0.00 0.000 0.000 0.000 0.000 0.000 0.000 
        
        
January  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.017 0.025 0.001 0.022 0.027 0.013 
P6 114.80 0.048 0.016 0.030 0.039 0.010 0.006 
P5 90.90 0.008 0.020 0.027 0.023 0.013 0.022 
P4 67.70 0.011 0.007 0.021 0.020 0.019 0.023 
P3 53.20 0.020 0.016 0.009 0.023 0.016 0.014 
P2 37.00 0.016 0.008 0.002     0.021 
P1 22.40 0.003 0.001 0.001   0.002 0.002 
Influent  0.00 0.000 0.000 0.000 0.000 0.000 0.000 
 
 
February Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.039 0.039 0.005 0.022 0.023 0.015 
P6 114.80 0.027 0.075 0.022 0.027 0.013 0.006 
P5 90.90 0.004 0.024 0.006 0.010 0.004 0.014 
P4 67.70 0.014 0.005 0.007 0.012 0.012 0.008 
P3 53.20 0.013 0.022 0.001 0.005 0.010 0.004 
P2 37.00 0.009 0.003 0.004 0.001 0.004 0.004 
P1 22.40 0.002 0.001 0.001 0.001 0.001 0.001 
Influent  0.00 0.000 0.000 0.000 0.000 0.000 0.000 
        
        
        
June  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.036 0.027 0.008 0.075 0.002 0.004 
P6 114.80 0.010 0.036 0.042 0.027 0.002 0.002 
P5 90.90 0.003 0.015 0.011 0.007 0.004 0.012 
P4 67.70 0.021 0.004 0.004 0.005 0.020 0.021 
P3 53.20 0.027 0.027 0.001 0.011 0.018   
P2 37.00   0.007 0.005 0.004 0.010 0.010 
P1 22.40 0.011 0.003   0.001   0.001 
Influent  0.00 0.000 0.000 0.000 0.000 0.000 0.000 
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July  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.008 0.000 0.001 0.030 0.001 0.019 
P6 114.80 0.018 0.006 0.003 0.014 0.002 0.006 
P5 90.90 0.016 0.006 0.004 0.003 0.002 0.002 
P4 67.70 0.006 0.004 0.001   0.004 0.015 
P3 53.20 0.036 0.018 0.001   0.008 0.001 
P2 37.00 0.001 0.005 0.004 0.001 0.010 0.010 
P1 22.40 0.004 0.003 0.001 0.001 0.001 0.002 
Influent  0.00 0.000 0.000 0.000 0.000 0.000 0.000 
        
        
August  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.054 0.004 0.004 0.018 0.003 0.054 
P6 114.80 0.012 0.027 0.007 0.021 0.003 0.016 
P5 90.90 0.003 0.005 0.008 0.010 0.004 0.005 
P4 67.70 0.008 0.003 0.001 0.002 0.027 0.017 
P3 53.20 0.027   0.001 0.001 0.027 0.013 
P2 37.00   0.031 0.004 0.001     
P1 22.40   0.002       0.004 
Influent  0.00 0.000 0.000 0.000 0.000 0.000 0.000 
 
 
Appendix C: Ammonia Tables and Plots 
 
Reactor 3 (CN3) 
 
 
 
96 
 
Reactor 11 (CN1) 
 
 
 
 
Reactor 1 (CC3) 
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Reactor 2 (CC2) 
 
 
Reactor 6 (SA2) 
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Reactor 9 (SA1) 
 
 
 
 
October  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.0118 0.0049 0.0176 0.0823 0.1078 0.1078 
P6 114.80 0.0127 0.0059 0.0127 0.0529 0.0882 0.0980 
P5 90.90 0.0196 0.0118 0.0323 0.0186 0.0882 0.0588 
P4 67.70 0.0529 0.0323 0.0206 0.0196 0.0568 0.0666 
P3 53.20 0.0882 0.0784 0.0206 0.0274 0.0333 0.0353 
P2 37.00 0.0274 0.0157 0.0127 0.0088 0.0431 0.0147 
P1 22.40 0.0078 0.0029 0.0029 0.0029 0.0029 0.0039 
Influent  0.00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
        
        
November Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.0039 0.0049 0.0078 0.0176 0.0490 0.0314 
P6 114.80 0.0078 0.0039 0.0235 0.0157 0.0392 0.0255 
P5 90.90 0.0069 0.0078 0.0137 0.0098 0.0333 0.0255 
P4 67.70 0.0353 0.0078 0.0098 0.0157 0.0314 0.0294 
P3 53.20 0.0372 0.0137 0.0157 0.0255 0.0333 0.0196 
P2 37.00 0.0274 0.0069 0.0196 0.0039 0.0372 0.0314 
P1 22.40 0.0029 0.0029 0.0078 0.0029 0.0078 0.0118 
Influent  0.00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
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December  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.0049 0.0069 0.0137 0.0147 0.0705 0.0607 
P6 114.80 0.0069 0.0039 0.0216 0.0118 0.0470 0.0705 
P5 90.90 0.0049 0.0078 0.0098 0.0098 0.0510 0.0588 
P4 67.70 0.0510 0.0069 0.0059 0.0059 0.0265 0.0372 
P3 53.20 0.0647 0.0529 0.0118 0.0157 0.0206 0.0470 
P2 37.00 0.0363 0.0069 0.0108 0.0127 0.0412 0.0196 
P1 22.40 0.0103 0.0127 0.0029 0.0049 0.0049 0.0049 
Influent  0.00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
        
        
January  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.0118 0.0098 0.0069 0.0088 0.0666 0.0431 
P6 114.80 0.0176 0.0059 0.0088 0.0118 0.0529 0.0314 
P5 90.90 0.0098 0.0069 0.0098 0.0088 0.0392 0.0490 
P4 67.70 0.0372 0.0098 0.0088 0.0098 0.0392 0.0431 
P3 53.20 0.0558 0.0382 0.0078 0.0137 0.0372 0.0372 
P2 37.00 0.0323 0.0157 0.0039 0.0039   0.0294 
P1 22.40 0.0098 0.0059 0.0029 0.0029 0.0059 0.0059 
Influent  0.00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 
 
 
February Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.0294 0.0216 0.0118 0.0147 0.0784 0.0470 
P6 114.80 0.0157 0.0255 0.0127 0.0118 0.0529 0.0333 
P5 90.90 0.0108 0.0137 0.0088 0.0098 0.0392 0.0490 
P4 67.70 0.0529 0.0098 0.0098 0.0088 0.0353 0.0294 
P3 53.20 0.0000 0.0441 0.0049 0.0078 0.0392 0.0176 
P2 37.00 0.0000 0.0147 0.0029 0.0049 0.0176 0.0127 
P1 22.40 0.0073 0.0088   0.0029 0.0039 0.0044 
Influent  0.00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
        
        
June  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.0333 0.0191 0.0137 0.0186 0.0510 0.0470 
P6 114.80 0.0069 0.0137 0.0147 0.0127 0.0490 0.0274 
P5 90.90 0.0167 0.0088 0.0078 0.0039 0.0412 0.0392 
P4 67.70 0.0470 0.0235 0.0029 0.0029 0.0353 0.0529 
P3 53.20 0.0529 0.0588 0.0029 0.0069 0.0529   
P2 37.00   0.0132 0.0029 0.0049 0.0372 0.0216 
P1 22.40 0.0147 0.0059   0.0029 0.0044 0.0059 
Influent  0.00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
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July  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.0078   0.0059 0.0147 0.0412 0.0882 
P6 114.80 0.0088 0.0039 0.0029 0.0059 0.0392 0.0529 
P5 90.90 0.0137 0.0078 0.0029 0.0029 0.0255 0.0294 
P4 67.70 0.0353 0.0147 0.0029 0.0029 0.0127 0.0367 
P3 53.20 0.0588 0.0343 0.0029 0.0029 0.0431 0.0029 
P2 37.00 0.0162 0.0098 0.0039 0.0031 0.0431 0.0353 
P1 22.40 0.0073 0.0088 0.0044 0.0118 0.0029 0.0059 
Influent  0.00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
        
        
August  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.0225 0.0029 0.0108 0.0147 0.0353 0.0735 
P6 114.80 0.0049 0.0088 0.0049 0.0098 0.0353 0.0568 
P5 90.90 0.0118 0.0049 0.0088 0.0029 0.0255 0.0294 
P4 67.70 0.0529 0.0157 0.0088 0.0029 0.0412 0.0353 
P3 53.20 0.0412   0.0029 0.0029 0.0549   
P2 37.00   0.0529   0.0049     
P1 22.40   0.0118   0.0029   0.0216 
Influent  0.00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 
 
Appendix D: Nitrite Tables and Plots 
 
Reactor 3 (CN3) 
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Reactor 11 (CN1) 
 
 
Reactor 1 (CC3) 
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Reactor 2 (CC2) 
 
 
 
Reactor 6 (SA2) 
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Reactor 9 (SA1) 
 
 
 
 
 
 
October  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.054 0.075 0.054 0.050 0.027 0.036 
P6 114.80 0.039 0.051 0.049 0.043 0.027 0.035 
P5 90.90 0.024 0.028 0.035 0.028 0.025 0.038 
P4 67.70 0.029 0.026 0.026 0.027 0.023 0.031 
P3 53.20 0.029 0.023 0.022 0.024 0.027 0.027 
P2 37.00 0.023 0.023 0.023 0.022 0.029 0.025 
P1 22.40 0.021 0.020 0.018 0.020 0.020 0.021 
Influent  0.00 0.019 0.018 0.019 0.019 0.012 0.019 
        
        
November Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.057 0.059 0.103 0.099 0.061 0.060 
P6 114.80 0.080 0.057 0.105 0.093 0.076 0.083 
P5 90.90 0.073 0.075 0.078 0.087 0.074 0.055 
P4 67.70 0.073 0.071 0.075 0.077 0.086 0.052 
P3 53.20 0.072 0.071 0.050 0.061 0.073 0.049 
P2 37.00 0.069 0.069 0.068 0.064 0.074 0.051 
P1 22.40 0.069 0.067 0.060 0.058 0.075 0.055 
Influent  0.00 0.065 0.065 0.077 0.067 0.071 0.076 
        
104 
 
        
December  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.080 0.111 0.105 0.101 0.069 0.061 
P6 114.80 0.084 0.095 0.103 0.088 0.073 0.069 
P5 90.90 0.076 0.077 0.079 0.091 0.076 0.058 
P4 67.70 0.056 0.047 0.076 0.082 0.067 0.055 
P3 53.20 0.062 0.051 0.063 0.075 0.065 0.058 
P2 37.00 0.062 0.057 0.062 0.078 0.058 0.053 
P1 22.40 0.046 0.048 0.058 0.072 0.061 0.058 
Influent  0.00 0.080 0.061 0.066 0.059   0.068 
        
        
January  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.053 0.065 0.103   0.059 0.070 
P6 114.80 0.081 0.057 0.082 0.082 0.071 0.069 
P5 90.90 0.071 0.074 0.080 0.078 0.070 0.071 
P4 67.70 0.070 0.069 0.079 0.075 0.071 0.068 
P3 53.20 0.066 0.069 0.047 0.078 0.069 0.045 
P2 37.00 0.067 0.067 0.077   0.069 0.067 
P1 22.40 0.066 0.066 0.074 0.080 0.063 0.066 
Influent  0.00 0.062 0.063 0.071 0.068 0.061 0.061 
 
 
February  Concentration in mmol     
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.078 0.096 0.074 0.076 0.053 0.039 
P6 114.80 0.072 0.079 0.068 0.057 0.054 0.043 
P5 90.90 0.067 0.063 0.057 0.059 0.055 0.041 
P4 67.70 0.040 0.058 0.053 0.048 0.045 0.040 
P3 53.20 0.048 0.032 0.048 0.041 0.056 0.042 
P2 37.00 0.045 0.038 0.034 0.041 0.053 0.039 
P1 22.40 0.044 0.042 0.040 0.041 0.051 0.047 
Influent  0.00 0.054 0.045 0.047 0.050 0.053 0.050 
        
        
        
June  Concentration in mmol     
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.082 0.104 0.093 0.081 0.068 0.065 
P6 114.80 0.080 0.077 0.082 0.075 0.071 0.063 
P5 90.90 0.066 0.080 0.064 0.066 0.068 0.066 
P4 67.70 0.059 0.074 0.067 0.064 0.068 0.064 
P3 53.20 0.059 0.069 0.064 0.063 0.071 0.059 
P2 37.00 0.059 0.067 0.063   0.071 0.063 
P1 22.40 0.060 0.067 0.061 0.061 0.065 0.060 
Influent  0.00 0.065 0.062 0.059 0.058 0.062 0.059 
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July  Concentration in mmol     
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.065   0.066   0.091 0.074 
P6 114.80 0.068 0.057 0.072 0.041 0.082 0.070 
P5 90.90 0.063 0.068 0.066 0.042 0.072 0.063 
P4 67.70 0.058 0.061 0.065 0.038 0.060 0.060 
P3 53.20 0.057 0.064 0.072 0.041 0.058 0.057 
P2 37.00 0.057 0.063 0.070 0.053 0.066 0.059 
P1 22.40 0.048 0.062 0.059 0.048 0.052 0.054 
Influent  0.00 0.057 0.052 0.056 0.046 0.049 0.041 
        
        
August  Concentration in mmol     
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60     0.039 0.048 0.051   
P6 114.80 0.091 0.078 0.071 0.060 0.064 0.059 
P5 90.90 0.081 0.067 0.071 0.073 0.062 0.058 
P4 67.70 0.074 0.070 0.060 0.051 0.056 0.062 
P3 53.20 0.070 0.056 0.059 0.062 0.057 0.054 
P2 37.00 0.068 0.055 0.051 0.055 0.060 0.049 
P1 22.40 0.063 0.062 0.050 0.060 0.056 0.052 
Influent  0.00 0.065 0.054 0.039 0.052 0.057 0.051 
 
 
Appendix E: Sulfate Tables and Plots 
 
Reactor 3 (CN3) 
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Reactor 11 (CN1) 
 
 
 
Reactor 1 (CC1) 
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Reactor 2 (CC2) 
 
 
 
 
Reactor 6 (SA2) 
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Reactor 9 (SA1) 
 
 
October  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.328 0.365 0.119 0.084 0.268 0.199 
P6 114.80 0.279 0.334 0.181 0.160 0.281 0.215 
P5 90.90 0.290 0.275 0.225 0.310 0.292 0.178 
P4 67.70 0.261 0.297 0.299 0.298 0.385 0.251 
P3 53.20 0.288 0.378 0.331 0.368 0.264 0.303 
P2 37.00 0.350 0.355 0.347 0.355 0.278 0.357 
P1 22.40 0.381 0.348 0.327 0.333 0.336 0.337 
Influent  0.00 0.343 0.342 0.328 0.328 0.337 0.343 
        
        
November Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.326 0.345 0.353 0.348 0.183 0.213 
P6 114.80 0.241 0.337 0.281 0.383 0.266 0.241 
P5 90.90 0.257 0.245 0.291 0.299 0.263 0.162 
P4 67.70 0.218 0.277 0.226 0.332 0.400 0.220 
P3 53.20 0.186 0.260 0.132 0.238 0.218 0.184 
P2 37.00 0.307 0.351 0.296 0.394 0.232 0.260 
P1 22.40 0.357 0.240 0.349 0.211 0.295 0.211 
Influent  0.00 0.329 0.364 0.381 0.437 0.330 0.331 
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December  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.308 0.422 0.278 0.248 0.211 0.157 
P6 114.80 0.242 0.329 0.274 0.243 0.271 0.171 
P5 90.90 0.266 0.273 0.218 0.342 0.305 0.161 
P4 67.70 0.157 0.279 0.253 0.382 0.268 0.188 
P3 53.20 0.254 0.198 0.256 0.270 0.282 0.217 
P2 37.00 0.270 0.287 0.298 0.339 0.245 0.285 
P1 22.40 0.247 0.302 0.250 0.319 0.292 0.266 
Influent  0.00 0.444 0.322 0.337 0.295 0.335 0.291 
        
        
January  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.293 0.259 0.198 0.229 0.180 0.228 
P6 114.80 0.217 0.321 0.186 0.240 0.241 0.246 
P5 90.90 0.254 0.226 0.211 0.268 0.248 0.191 
P4 67.70 0.229 0.279 0.239 0.239 0.248 0.268 
P3 53.20 0.292 0.260 0.320 0.284 0.305 0.297 
P2 37.00 0.347 0.336 0.330   0.337 0.311 
P1 22.40 0.349 0.335 0.320 0.322 0.330 0.337 
Influent  0.00 0.330 0.330 0.321 0.320 0.327 0.324 
 
 
February  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.167 0.156 0.129 0.216 0.175 0.143 
P6 114.80 0.275 0.157 0.187 0.182 0.179 0.167 
P5 90.90 0.305 0.198 0.175 0.197 0.222 0.121 
P4 67.70 0.155 0.240 0.189 0.137 0.199 0.191 
P3 53.20 0.258 0.161 0.282 0.209 0.290 0.203 
P2 37.00 0.264 0.243 0.191 0.212 0.241 0.218 
P1 22.40 0.254 0.250 0.264 0.232 0.246 0.224 
Influent  0.00 0.318 0.304 0.343 0.318 0.267 0.271 
        
        
        
June  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.123 0.144 0.154 0.107 0.315 0.262 
P6 114.80 0.167 0.219 0.165 0.184 0.288 0.248 
P5 90.90 0.247 0.192 0.204 0.224 0.258 0.223 
P4 67.70 0.243 0.234 0.233 0.250 0.254 0.236 
P3 53.20 0.331 0.250 0.254 0.273 0.179 0.339 
P2 37.00 0.294 0.299 0.297   0.165 0.253 
P1 22.40 0.391 0.322 0.311 0.290 0.267 0.293 
Influent  0.00 0.338 0.317 0.299 0.296 0.312 0.302 
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July  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.204   0.252   0.179 0.125 
P6 114.80 0.143 0.303 0.271 0.106 0.214 0.159 
P5 90.90 0.201 0.237 0.233 0.156 0.198 0.228 
P4 67.70 0.185 0.223 0.224 0.135 0.187 0.221 
P3 53.20 0.124 0.222 0.120 0.162 0.180 0.210 
P2 37.00 0.248 0.248 0.097 0.074     
P1 22.40 0.280 0.273 0.262 0.221 0.173 0.190 
Influent  0.00 0.281 0.249 0.273 0.203 0.144 0.171 
        
        
August  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #3 Control #11  Control #6 SA2 #9 SA1 
P7 136.60 0.281   0.231   0.070 0.287 
P6 114.80   0.219 0.232 0.178 0.207 0.227 
P5 90.90   0.229 0.230 0.185 0.260 0.136 
P4 67.70 0.463 0.272 0.216 0.209 0.288 0.263 
P3 53.20 0.144 0.219 0.227 0.210 0.285 0.296 
P2 37.00 0.232 0.244 0.226 0.261     
P1 22.40 0.230 0.303 0.208 0.265 0.313 0.300 
Influent  0.00 0.302 0.262 0.262 0.226 0.234 0.230 
 
 
Appendix F: Chloride Tables and Plots 
 
Reactor 3 (CN3) 
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Reactor 11 (CN1) 
 
 
 
Reactor 1 (CC3) 
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Reactor 2 (CC2) 
 
 
 
Reactor 6 (SA2) 
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Reactor 9 (SA1) 
 
 
 
 
 
October  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 4.928 6.514 4.298 4.380 3.961 5.210 
P6 114.80 4.290 4.742 4.087 4.089 3.779 4.884 
P5 90.90 3.812 4.179 3.772 3.844 3.724 5.246 
P4 67.70 4.374 3.958 3.507 3.683 3.580 4.610 
P3 53.20 4.075 3.836 3.481 3.606 3.904 4.286 
P2 37.00 3.667 3.481 3.456 3.601 3.834 3.960 
P1 22.40 3.538 3.547 3.446 3.436 3.480 3.624 
Influent  0.00 3.450 3.477 3.429 3.440 2.302 3.443 
        
        
November Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 3.843 4.272 6.078 5.733 2.976 3.378 
P6 114.80 3.381 3.891 4.822 5.708 3.858 3.781 
P5 90.90 3.242 3.296 4.444 4.609 3.600 2.936 
P4 67.70 3.252 3.238 4.213 4.553 3.928 2.567 
P3 53.20 3.203 3.224 3.647 3.529 3.507 2.316 
P2 37.00 3.123 3.189 4.140 4.226 3.458 2.748 
P1 22.40 3.209 3.180 4.165 3.396 3.295 2.487 
Influent  0.00 3.186 3.210 4.507 4.550 3.592 3.800 
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December  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 4.349 6.384 6.380 5.635 3.496 3.141 
P6 114.80 3.773 4.816 5.042 4.769 3.958 3.558 
P5 90.90 3.916 3.979 3.947 4.830 4.308 3.030 
P4 67.70 3.119 3.664 3.992 4.715 3.849 2.832 
P3 53.20 3.330 3.001 3.515 4.673 3.624 2.870 
P2 37.00 3.197 3.310 3.736 4.612 3.116 2.853 
P1 22.40 4.131 3.537 3.612 4.403 3.509 2.973 
Influent  0.00 4.810 3.681 3.902 3.387 3.800 3.292 
        
        
January  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 3.650 3.844 4.042 3.617 2.596 3.333 
P6 114.80 3.669 4.036 3.332 3.339 3.306 3.323 
P5 90.90 3.308 3.355 3.221 3.239 3.313 3.314 
P4 67.70 3.297 3.298 3.196 3.223 3.333 3.264 
P3 53.20 3.290 3.288 3.178 3.171 3.317 3.309 
P2 37.00 3.370 3.292 3.197   3.353 3.295 
P1 22.40 3.266 3.284 3.152 3.213 3.301 3.322 
Influent  0.00 3.274 3.271 3.189 3.219 3.306 3.283 
 
 
February Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 4.666 5.286 3.576 4.079 3.015 2.647 
P6 114.80 4.476 4.533 3.264 3.147 3.037 2.883 
P5 90.90 4.065 3.846 2.793 3.406 3.267 2.699 
P4 67.70 2.336 3.510 2.683 2.544 2.769 2.849 
P3 53.20 2.789 2.180 3.034 2.466 3.173 2.737 
P2 37.00 2.492 2.133 2.093 2.747 3.030 2.950 
P1 22.40 2.694 2.742 2.617 2.721 2.800 2.605 
Influent  0.00 3.678 3.586 3.349 3.395 3.069 3.333 
        
        
        
June  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 3.480 3.671 3.510 3.400 3.277 3.111 
P6 114.80 3.389 3.324 3.220 3.186 3.326 3.117 
P5 90.90 3.317 3.352 3.107 3.106 3.309 3.131 
P4 67.70 3.221 3.310 3.069 3.096 3.324 3.105 
P3 53.20 3.177 3.268 3.092 3.100 3.286 2.969 
P2 37.00 3.300 3.277 3.147 3.123 3.290 3.109 
P1 22.40 3.131 3.257 3.204 3.128 3.275 3.101 
Influent  0.00 3.537 3.332 3.204 3.138 3.237 3.183 
115 
 
        
        
July  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 2.849   2.936   3.473 2.906 
P6 114.80 2.888 3.170 3.445 1.594 3.154 2.729 
P5 90.90 2.933 2.935 3.119 1.819 2.832 2.902 
P4 67.70 2.863 2.851 3.061 1.475 2.712 2.856 
P3 53.20 2.944 3.076 3.011 1.822 2.697 2.713 
P2 37.00 2.861 2.984 2.904 2.245 3.183 2.779 
P1 22.40 2.844 2.870 2.856 2.406 2.530 2.612 
Influent  0.00 2.862 2.615 2.840 2.265 2.368 1.861 
        
        
August  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #3 Control #11  Control #6 SA2 #9 SA1 
P7 136.60 3.085   2.881   2.863 2.451 
P6 114.80 3.716 4.341 3.667 3.002 2.894 3.175 
P5 90.90 3.749 3.831 3.279 2.902 3.248 2.807 
P4 67.70 3.485 3.851 3.036 3.088 2.749 2.105 
P3 53.20 3.546 2.976 2.995 2.735 2.847 2.894 
P2 37.00 3.415 2.917 3.178 2.529 2.532 2.510 
P1 22.40 2.858 3.430 2.880 2.678 2.603 3.029 
Influent  0.00 3.248 2.965 2.904 2.568 2.603 2.613 
 
 
Appendix G: Calcium Tables and Plots 
 
Reactor 3 (CN3) 
 
 
116 
 
 
 
Reactor 11 (CN1) 
 
 
 
Reactor 1 (CC3) 
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Reactor 2 (CC2) 
 
 
Reactor 6 (SA2) 
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Reactor 9 (SA1) 
 
 
 
 
 
October  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60       0.942 0.887 0.892 
P6 114.80 1.108     1.126 0.868 0.880 
P5 90.90 1.001 1.096 1.084 0.945 0.830 0.859 
P4 67.70 1.037 1.040 0.743 0.809 0.730 0.764 
P3 53.20 0.794 1.009 0.711 0.821 0.686 0.701 
P2 37.00 0.974 1.058 0.667 0.713 0.717 0.664 
P1 22.40 0.917 0.801 0.463 0.471 0.498 0.506 
Influent  0.00 0.333 0.453 0.280 0.296 0.289 0.287 
        
        
November Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.726 0.796 1.506 0.958 0.572 0.744 
P6 114.80 0.848 0.748 1.414 1.035 0.703 0.740 
P5 90.90 0.712 0.576 0.944 0.777 0.690 0.816 
P4 67.70 0.567 0.547 0.670 0.678 0.707 0.824 
P3 53.20 0.517 0.461 0.560 0.643 0.767 0.680 
P2 37.00 0.390 0.388 0.558 0.488 0.776 0.653 
P1 22.40 0.239 0.242 0.299 0.330 0.440 0.586 
Influent  0.00 0.206 0.215 0.183 0.221 0.372 0.390 
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December  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 1.221 1.911 1.670 1.117 0.614 0.778 
P6 114.80 1.165 1.619 1.164 1.184 0.734 0.846 
P5 90.90 0.634 0.738 0.867 0.926 0.740 0.865 
P4 67.70 0.635 0.609 0.651 0.765 0.725 0.793 
P3 53.20 0.733 0.796 0.586 0.743 0.656 0.715 
P2 37.00 0.626 0.572 0.649 0.672 0.673 0.694 
P1 22.40 0.507 0.599 0.671 0.630 0.535 0.543 
Influent  0.00 0.575 0.582 0.450 0.344 0.392 0.397 
        
        
January  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.454 0.393 0.861 0.889 0.399 0.511 
P6 114.80 0.429 0.439 0.748 0.854 0.539 0.593 
P5 90.90 0.352 0.289 0.701 0.733 0.609 0.488 
P4 67.70 0.309 0.269 0.622 0.652 0.477 0.499 
P3 53.20 0.380 0.268 0.634 0.801 0.383 0.465 
P2 37.00 0.277 0.254 0.741 0.799 0.340 0.436 
P1 22.40 0.297 0.238 0.801 0.857 0.341 0.358 
Influent  0.00 0.298 0.242 0.530 0.600 0.246 0.249 
 
 
 
February  Concentration in mmol     
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.692 0.910 0.807 0.817 0.700 0.784 
P6 114.80 0.782 0.722 0.740 0.736 0.759 0.738 
P5 90.90 0.745 0.782 0.603 0.642 0.711 0.661 
P4 67.70 0.629 0.692 0.655 0.579 0.661 0.660 
P3 53.20 0.636 0.620 0.486 0.533 0.581 0.647 
P2 37.00 0.380 0.384 0.407 0.386 0.308 0.433 
P1 22.40             
Influent  0.00 0.000 0.000 0.000 0.000 0.000 0.000 
        
        
June  Concentration in mmol     
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.619 0.430 0.630 0.550 0.443 0.351 
P6 114.80 0.478 0.360 0.528 0.471 0.468 0.306 
P5 90.90 0.442 0.329 0.454 0.411 0.424 0.319 
P4 67.70 0.396 0.314 0.378 0.346 0.369 0.302 
P3 53.20 0.413 0.289 0.394 0.371 0.350 0.344 
P2 37.00 0.528 0.000 0.304 0.318 0.396 0.363 
P1 22.40 0.530 0.000 0.283 0.248 0.393 0.255 
Influent  0.00 0.000 0.000 0.000 0.000 0.000 0.000 
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July  Concentration in mmol     
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.638 0.000 0.443 0.000 0.000 0.000 
P6 114.80 0.504 0.000 0.343 0.000 0.000 0.000 
P5 90.90 0.356 0.000 0.363 0.000 0.000 0.000 
P4 67.70 0.446 0.000 0.339 0.000 0.000 0.000 
P3 53.20 0.403 0.000 0.276 0.000 0.000 0.000 
P2 37.00 0.365 0.000 0.441 0.000 0.000 0.000 
P1 22.40 0.263 0.000 0.298 0.000 0.000 0.000 
Influent  0.00 0.000 0.000 0.000 0.000 0.000 0.000 
        
        
August  Concentration in mmol     
  Port Height (cm) #1 CC3 #2 CC2 #3 Control #11  Control #6 SA2 #9 SA1 
P7 136.60 0.662 0.354 0.519 0.603 0.689 0.612 
P6 114.80 0.647 0.391 0.511 0.516 0.606 0.551 
P5 90.90 0.455 0.305 0.452 0.489 0.500 0.423 
P4 67.70 0.331 0.336 0.678 0.490 0.449 0.376 
P3 53.20 0.389 0.246 0.576 0.588 0.420 0.418 
P2 37.00 0.300 0.182 0.519 0.585 0.599 0.495 
P1 22.40 0.416 0.269 0.374 0.643 0.434 0.397 
Influent  0.00 0.253 0.188 0.305 0.312 0.329 0.315 
 
 
 
Appendix H: Magnesium Tables and Plots 
 
Reactor 3 (CN3) 
 
121 
 
 
Reactor 11 (CN1) 
 
 
 
Reactor 1 (CC3) 
 
 
 
 
 
122 
 
 
 
Reactor 2 (CC2) 
 
 
 
Reactor 6 (SA2) 
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Reactor 9 (SA1) 
 
 
 
 
 
October  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.3231   0.4481 0.4035 0.3246 0.3287 
P6 114.80 0.4369 0.4292 0.4556 0.4085 0.3263 0.3350 
P5 90.90 0.5194 0.4870 0.4432 0.4053 0.3595 0.3685 
P4 67.70 0.5448 0.5505 0.4112 0.3827 0.3275 0.3367 
P3 53.20 0.4322 0.5391 0.4074 0.4269 0.3715 0.3851 
P2 37.00 0.5843 0.5769 0.3961 0.4013 0.4254 0.3822 
P1 22.40 0.4897 0.3595 0.1960 0.1767 0.2225 0.2238 
Influent  0.00 0.1821 0.2152 0.1561 0.1539 0.1618 0.1633 
        
        
November Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.3689 0.3950 0.4328 0.3219 0.2534 0.3195 
P6 114.80 0.4167 0.3332 0.4278 0.3244 0.2592 0.3318 
P5 90.90 0.4612 0.2983 0.3969 0.2710 0.2484 0.3627 
P4 67.70 0.3415 0.2393 0.3001 0.2563 0.2256 0.3543 
P3 53.20 0.3255 0.2012 0.2726 0.2858 0.3743 0.3109 
P2 37.00 0.2288 0.1697 0.2474 0.2105 0.3958 0.2705 
P1 22.40 0.0978 0.0921 0.0909 0.1188 0.1771 0.2170 
Influent  0.00 0.1139 0.0893 0.0694 0.0823 0.1933 0.2011 
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December  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.3261 0.4116 0.4214 0.3559 0.2351 0.3237 
P6 114.80 0.3520 0.3601 0.3430 0.3329 0.2536 0.2980 
P5 90.90 0.2799 0.2858 0.3131 0.3146 0.2624 0.3258 
P4 67.70 0.2969 0.2723 0.2888 0.2977 0.2619 0.3182 
P3 53.20 0.3318 0.3235 0.2706 0.3171 0.2742 0.3203 
P2 37.00 0.2539 0.2362 0.2610 0.3123 0.2970 0.2847 
P1 22.40 0.1901 0.2204 0.2878 0.3108 0.2050 0.1984 
Influent  0.00 0.3657 0.3706 0.2644 0.1946 0.1683 0.1665 
        
        
January  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.2536 0.2452 0.4353 0.4829 0.1728 0.2105 
P6 114.80 0.2600 0.2634 0.4550 0.4262 0.2534 0.2879 
P5 90.90 0.1934 0.1673 0.4424 0.4957 0.3034 0.2244 
P4 67.70 0.1459 0.2008 0.4476 0.3937 0.2174 0.2379 
P3 53.20 0.1819 0.1633 0.4579 0.4029 0.2030 0.2419 
P2 37.00 0.1137 0.1516 0.3530 0.5042 0.2217 0.2165 
P1 22.40 0.1244 0.1235 0.4240 0.4603 0.1372 0.1396 
Influent  0.00 0.2740 0.3639 0.4858 0.4994 0.1265 0.1141 
 
 
February Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.3224 0.4451 0.3836 0.2970 0.2201 0.2836 
P6 114.80 0.3067 0.3606 0.3081 0.2765 0.2761 0.2845 
P5 90.90 0.2903 0.3312 0.2748 0.2767 0.2758 0.3264 
P4 67.70 0.3437 0.3023 0.2823 0.2592 0.2805 0.3131 
P3 53.20 0.3162 0.3350 0.2397 0.2531 0.2835 0.2917 
P2 37.00 0.2587 0.2677 0.2253 0.2290 0.2846 0.2647 
P1 22.40 0.2330 0.2268 0.1982 0.2105 0.2278 0.2384 
Influent  0.00 0.1945 0.1920 0.1941 0.1909 0.1565 0.2197 
        
        
        
June  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.1921 0.2552 0.1535 0.1565 0.1502 0.1211 
P6 114.80 0.1875 0.2185 0.1636 0.1518 0.1785 0.1319 
P5 90.90 0.1911 0.2219 0.1694 0.1460 0.1860 0.1332 
P4 67.70 0.1713 0.1970 0.1348 0.1350 0.1593 0.1318 
P3 53.20 0.1619 0.1706 0.1345 0.1155 0.1499 0.1190 
P2 37.00 0.1530 0.1709 0.1430 0.1308 0.1462 0.1237 
P1 22.40 0.1629 0.2005 0.1210 0.1266 0.1665 0.1196 
Influent  0.00 0.4023 0.3608 0.1433 0.0970 0.2729 0.1066 
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July  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.2249 0.0000 0.3521 0.0000 0.0000 0.0000 
P6 114.80 0.2572 0.0000 0.4164 0.0000 0.0000 0.0000 
P5 90.90 0.2175 0.0000 0.3980 0.0000 0.0000 0.0000 
P4 67.70 0.1786 0.0000 0.2886 0.0000 0.0000 0.0000 
P3 53.20 0.2637 0.0000 0.3308 0.0000 0.0000 0.0000 
P2 37.00 0.1890 0.0000 0.3402 0.0000 0.0000 0.0000 
P1 22.40 0.1957 0.0000 0.3911 0.0000 0.0000 0.0000 
Influent  0.00 0.2010 0.0000 0.4052 0.0000 0.0000 0.0000 
        
        
August  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #3 Control #11  Control #6 SA2 #9 SA1 
P7 136.60 0.374 0.223 0.157 0.216 0.255 0.245 
P6 114.80 0.312 0.197 0.237 0.184 0.262 0.213 
P5 90.90 0.294 0.200 0.165 0.195 0.240 0.207 
P4 67.70 0.218 0.226 0.239 0.178 0.198 0.177 
P3 53.20 0.174 0.160 0.245 0.225 0.205 0.186 
P2 37.00 0.126 0.144 0.214 0.216 0.218 0.183 
P1 22.40 0.162 0.147 0.189 0.244 0.215 0.182 
Influent  0.00 0.180 0.166 0.236 0.225 0.225 0.252 
 
 
Appendix I: Potassium Tables and Plots 
 
Reactor 3 (CN3) 
 
 
 
126 
 
 
Reactor 11 (CN1) 
 
 
 
Reactor 1 (CC3) 
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Reactor 2 (CC2) 
 
 
 
 
Reactor 6 (SA2) 
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Reactor 9 (SA1) 
 
 
 
 
 
October  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60   0.012 0.024 0.026 0.060 0.061 
P6 114.80     0.032 0.032 0.056 0.057 
P5 90.90 0.045 0.020 0.046 0.042 0.058 0.063 
P4 67.70 0.062 0.050 0.058 0.047 0.058 0.059 
P3 53.20 0.061 0.062 0.057 0.060 0.062 0.062 
P2 37.00 0.070 0.064 0.056 0.061 0.064 0.063 
P1 22.40 0.058 0.056 0.058 0.054 0.058 0.057 
Influent  0.00 0.056 0.058 0.065 0.059 0.061 0.064 
        
        
November Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.008 0.020 0.021 0.020 0.066 0.061 
P6 114.80 0.023 0.025 0.027 0.028 0.053 0.059 
P5 90.90 0.040 0.033 0.037 0.034 0.053 0.064 
P4 67.70 0.042 0.030 0.041 0.034 0.072 0.068 
P3 53.20 0.051 0.033 0.043 0.046 0.063 0.062 
P2 37.00 0.036 0.031 0.040 0.044 0.064 0.062 
P1 22.40 0.029 0.027 0.036 0.042 0.074 0.075 
Influent  0.00 0.050 0.041 0.046 0.044 0.083 0.086 
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December  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.007 0.008 0.013 0.007 0.061 0.069 
P6 114.80     0.032 0.022 0.062 0.067 
P5 90.90 0.035 0.022 0.041 0.043 0.065 0.073 
P4 67.70 0.059 0.046 0.047 0.053 0.066 0.071 
P3 53.20 0.065 0.063 0.056 0.065 0.068 0.073 
P2 37.00 0.066 0.058 0.064 0.064 0.076 0.075 
P1 22.40 0.069 0.063 0.059 0.064 0.071 0.069 
Influent  0.00 0.074 0.075 0.073 0.048 0.057 0.056 
        
        
January  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.021 0.016 0.037 0.023 0.034 0.039 
P6 114.80 0.011   0.045 0.024 0.052 0.051 
P5 90.90 0.031 0.013 0.061 0.062 0.054 0.039 
P4 67.70 0.032 0.035 0.067 0.060 0.038 0.044 
P3 53.20 0.038 0.035 0.055 0.058 0.033 0.040 
P2 37.00 0.030 0.035 0.051 0.079 0.027 0.037 
P1 22.40 0.032 0.030 0.064 0.060 0.032 0.037 
Influent  0.00 0.041 0.052 0.070 0.085 0.051 0.049 
 
 
 
February Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60     0.024   0.054 0.064 
P6 114.80 0.021   0.036 0.031 0.062 0.064 
P5 90.90 0.046 0.019 0.051 0.045 0.063 0.071 
P4 67.70 0.069 0.054 0.055 0.048 0.066 0.067 
P3 53.20 0.072 0.067 0.059 0.062 0.067 0.066 
P2 37.00 0.065 0.065 0.068 0.062 0.064 0.068 
P1 22.40 0.061 0.060 0.063 0.064 0.066 0.067 
Influent  0.00 0.051 0.050 0.064 0.063 0.072 0.075 
        
        
        
June  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 0.016   0.017 0.009 0.078 0.028 
P6 114.80 0.020   0.020 0.027 0.113 0.033 
P5 90.90 0.039 0.019 0.026 0.041 0.132 0.030 
P4 67.70 0.039 0.044 0.025 0.039 0.112 0.033 
P3 53.20 0.038 0.039 0.034 0.037 0.079 0.028 
P2 37.00 0.041 0.038 0.031 0.039 0.079 0.031 
P1 22.40 0.045 0.039 0.032 0.033 0.075 0.028 
Influent  0.00 0.056 0.050 0.033 0.031 0.043 0.034 
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July  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60   0.000   0.000 0.000 0.000 
P6 114.80   0.000 0.067 0.000 0.000 0.000 
P5 90.90 0.047 0.000 0.089 0.000 0.000 0.000 
P4 67.70 0.042 0.000 0.082 0.000 0.000 0.000 
P3 53.20 0.039 0.000 0.112 0.000 0.000 0.000 
P2 37.00 0.049 0.000 0.083 0.000 0.000 0.000 
P1 22.40 0.051 0.000 0.089 0.000 0.000 0.000 
Influent  0.00 0.051 0.000 0.111 0.000 0.000 0.000 
        
        
August  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #3 Control #11  Control #6 SA2 #9 SA1 
P7 136.60   0.066 0.127 0.091     
P6 114.80     0.190 0.089 0.091 0.068 
P5 90.90 0.081 0.063 0.166 0.100 0.087 0.095 
P4 67.70 0.074 0.076 0.153 0.087 0.101 0.096 
P3 53.20 0.063 0.069 0.134 0.093 0.101 0.101 
P2 37.00 0.059 0.063 0.181 0.095 0.077 0.094 
P1 22.40 0.071 0.070 0.095 0.092 0.103 0.096 
Influent  0.00 0.090 0.084 0.121 0.112 0.117 0.120 
 
 
Appendix J: Sodium Tables and Plots 
 
Reactor 3 (CN3) 
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Reactor 11 (CN1) 
 
 
 
 
 
Reactor 1 (CC3) 
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Reactor 2 (CC2) 
 
 
 
 
 
Reactor 6 (SA2) 
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Reactor 9 (SA1) 
 
 
 
 
 
 
October  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 7.281   7.267 6.558 6.941 6.867 
P6 114.80 6.047 7.141 6.754 6.428 6.522 6.526 
P5 90.90 5.862 6.343 6.319 6.269 6.439 6.535 
P4 67.70 5.946 6.470 6.272 6.263 6.606 6.659 
P3 53.20 4.530 6.576 6.290 6.173 6.561 6.607 
P2 37.00 6.135 6.268 6.390 6.314 6.800 6.745 
P1 22.40 5.864 5.969 6.778 6.795 6.931 6.995 
Influent  0.00 5.746 6.021 6.793 6.623 6.992 6.953 
        
        
November Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 5.990 7.227 6.440 6.218 6.428 6.778 
P6 114.80 5.541 5.992 5.984 6.067 6.851 6.932 
P5 90.90 6.350 5.918 5.709 5.795 6.920 6.814 
P4 67.70 5.605 4.986 5.518 5.737 7.169 6.952 
P3 53.20 6.332 4.030 5.812 5.560 6.668 6.769 
P2 37.00 5.649 4.715 5.748 5.817 6.757 7.348 
P1 22.40 4.766 4.868 7.179 6.497 7.197 7.283 
Influent  0.00 6.956 6.163 6.993 6.208 7.051 7.160 
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December  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 7.509 9.250 8.685 7.320 6.788 7.091 
P6 114.80 6.963 7.700 7.322 6.902 7.018 7.028 
P5 90.90 6.805 6.930 6.972 6.516 7.087 6.996 
P4 67.70 6.778 7.045 6.873 6.466 7.120 7.196 
P3 53.20 6.596 6.944 6.727 6.718 7.134 7.273 
P2 37.00 7.266 7.169 6.692 6.519 7.194 7.312 
P1 22.40 7.226 7.312 6.252 6.401 7.371 7.418 
Influent  0.00 6.825 6.897 6.671 6.595 7.309 7.307 
        
        
January  Concentration in mmol    
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 4.932 5.364 8.170 8.115 3.848 4.278 
P6 114.80 5.045 5.896 7.872 8.147 4.954 5.639 
P5 90.90 4.268 3.304 7.674 8.111 5.699 4.271 
P4 67.70 3.517 4.366 7.554 7.780 4.546 4.647 
P3 53.20 4.717 4.106 6.617 6.613 3.742 4.490 
P2 37.00 3.861 4.493 5.775 7.381 4.637 4.325 
P1 22.40 4.642 4.052 5.622 7.069 4.662 4.955 
Influent  0.00 3.510 4.410 6.071 7.331 5.477 5.278 
 
 
February  Concentration in mmol     
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 7.514     7.648 6.223 7.107 
P6 114.80 7.109 7.721 7.669 7.377 7.164 7.382 
P5 90.90 6.992 6.973 7.297 7.305 7.440 7.322 
P4 67.70 6.812 7.084 7.290 7.294 7.439 7.544 
P3 53.20 6.810 6.832 7.389 7.390 7.485 7.809 
P2 37.00 7.240 7.109 7.617 7.475 7.500 7.560 
P1 22.40 7.201 7.282 7.467 7.541 7.393 7.552 
Influent  0.00 7.276 7.269 7.513 7.492 7.235 7.101 
        
        
        
June  Concentration in mmol     
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 12.452 15.270 9.062 10.826 9.603 7.548 
P6 114.80 11.922 13.933 10.825 11.435 12.937 8.068 
P5 90.90 12.054 14.197 9.394 10.357 14.135 7.253 
P4 67.70 10.619 11.959 7.950 9.663 9.776 7.970 
P3 53.20 10.674 11.127 8.612 8.121 8.447 7.107 
P2 37.00 11.375 12.153 11.262 9.495 7.520 8.316 
P1 22.40 12.754 9.689 9.267 9.550 9.330 8.587 
Influent  0.00 13.005 12.768 9.822 9.839 9.082 10.741 
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July  Concentration in mmol     
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control #11  Control 
P7 136.60 5.721 0.000 11.732 0.000 0.000 0.000 
P6 114.80 6.027 0.000 11.391 0.000 0.000 0.000 
P5 90.90 5.890 0.000 11.624 0.000 0.000 0.000 
P4 67.70 4.302 0.000 11.641 0.000 0.000 0.000 
P3 53.20 7.715 0.000 12.322 0.000 0.000 0.000 
P2 37.00 6.138 0.000 10.064 0.000 0.000 0.000 
P1 22.40 8.399 0.000 10.444 0.000 0.000 0.000 
Influent  0.00 8.399 0.000 11.848 0.000 0.000 0.000 
        
        
August  Concentration in mmol     
  Port Height (cm) #1 CC3 #2 CC2 #3 Control #11  Control #6 SA2 #9 SA1 
P7 136.60 5.572 3.897 5.990 5.502 7.532 6.929 
P6 114.80 4.993 4.832 7.063 5.496 6.991 5.851 
P5 90.90 5.382 4.759 6.392 6.017 7.065 5.940 
P4 67.70 4.089 5.116 6.025 4.958 6.327 5.399 
P3 53.20 3.624 3.454 5.666 5.444 6.694 5.472 
P2 37.00 3.687 3.551 5.750 5.321 5.519 5.345 
P1 22.40 4.558 4.221 5.667 5.762 5.803 5.530 
Influent  0.00 4.567 4.236 6.554 5.976 6.452 6.306 
 
 
Appendix K: Dissolved Oxygen Tables and Plots 
 
Reactor 11 (CN1) 
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Reactor 2 (CC2) 
 
 
 
Reactor 9 (SA1) 
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October  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.052 0.083 0.198 0.113 0.101 0.064 
P6 114.80 0.240 0.151 0.077 0.177 0.141 0.130 
P5 90.90 0.094 0.068 0.070 0.115 0.099 0.095 
P4 67.70 0.033 0.089 0.094 0.022 0.182 0.089 
P3 53.20 0.120 0.003 0.156 0.146 0.072 0.167 
P2 37.00 0.115 0.007 0.188 0.214 0.127 0.161 
P1 22.40 0.198 0.208 0.167 0.198 0.224 0.208 
Influent  0.00 0.182 0.177 0.182 0.198 0.219 0.229 
        
        
November Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.141 0.156 0.198 0.022 0.125 0.094 
P6 114.80 0.073 0.167 0.101 0.141 0.052 0.146 
P5 90.90 0.198 0.068 0.182 0.120 0.082 0.120 
P4 67.70 0.076 0.177 0.156 0.130 0.224 0.167 
P3 53.20 0.120 0.146 0.156 0.193 0.120 0.068 
P2 37.00 0.182 0.097 0.120 0.188 0.125 0.089 
P1 22.40 0.177 0.146 0.219 0.151 0.083 0.120 
Influent  0.00 0.172 0.156 0.172 0.177 0.167 0.172 
        
        
December  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.125 0.177 0.208 0.214 0.077 0.015 
P6 114.80 0.156 0.151 0.161 0.130 0.019 0.031 
P5 90.90 0.130 0.068 0.229 0.198 0.044 0.030 
P4 67.70 0.135 0.146 0.281 0.240 0.081 0.065 
P3 53.20 0.135 0.156 0.188 0.182 0.086 0.109 
P2 37.00 0.188 0.156 0.227 0.075 0.130 0.085 
P1 22.40 0.117 0.141 0.208 0.214 0.188 0.198 
Influent  0.00 0.229 0.208 0.240 0.229 0.182 0.198 
        
        
January  Concentration in mmol    
  Port Height (cm) #1  CC3 #2  CC2 #6 SA2 #9 SA1 #3  Control #11 Control 
P7 136.60 0.098 0.120 0.135 0.130 0.089 0.047 
P6 114.80 0.051 0.109 0.120 0.141 0.064 0.078 
P5 90.90 0.141 0.151 0.099 0.088 0.066 0.094 
P4 67.70 0.130 0.146 0.074 0.109 0.067 0.071 
P3 53.20 0.148 0.135 0.068 0.084 0.025 0.053 
P2 37.00 0.172 0.135 0.093 0.234   0.053 
P1 22.40 0.141 0.208 0.109 0.193 0.141 0.141 
Influent  0.00 0.115 0.141 0.224 0.177 0.203 0.172 
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Appendix L: pH Tables and Plots 
 
Reactor 11 (CN1) 
 
 
 
Reactor 2 (CC2) 
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Reactor 6 (SA2) 
 
 
 
 
 
October        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 6.60 7.22 6.79 6.68     
P6 114.80 6.77 6.85 6.84 6.75     
P5 90.90 6.86 6.99 6.97 7.03     
P4 67.70 7.07 7.03 7.07 7.07     
P3 53.20 7.23 7.07 7.17 7.13     
P2 37.00 7.15 6.85 7.15 7.07     
P1 22.40 6.82 6.88 6.98 6.96     
Influent  0.00 6.52 6.63 6.53 6.66     
        
        
November        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 7.58 7.35 7.24 7.36 7.81 7.80 
P6 114.80 7.52 7.20 7.32 7.34 7.78 7.81 
P5 90.90 7.76 7.48 7.52 7.57 7.83 7.84 
P4 67.70 7.75 7.71 7.58 7.70 7.78 7.82 
P3 53.20 7.82 7.76 7.72 7.72 7.82 7.91 
P2 37.00 7.90 7.83 7.86 7.80 7.84 7.88 
P1 22.40 7.84 7.95 7.98 7.88 7.89 7.99 
Influent  0.00 7.89 7.91 7.97 7.91 7.80 8.02 
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December        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 7.32 7.38 7.47 7.38 7.84 7.89 
P6 114.80 7.42 7.37 7.51 7.37 7.87 7.88 
P5 90.90 7.73 7.61 7.6 7.59 7.88 7.91 
P4 67.70 7.75 7.72 7.69 7.72 7.85 7.9 
P3 53.20 7.78 7.77 7.89 7.74 7.89 7.95 
P2 37.00 7.83 7.84 8.79 7.83 7.9 7.99 
P1 22.40 7.85 7.9 7.85 7.86 7.9 7.98 
Influent  0.00 7.9 7.93 7.92 7.96 7.98 7.99 
        
        
January        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 7.14 7.39 7.55 7.58 7.74 7.80 
P6 114.80 7.27 7.32 7.48 7.50 7.72 7.77 
P5 90.90 7.43 7.42 7.48 7.56 7.77 7.75 
P4 67.70 7.56 7.48 7.60 7.61 7.84 7.85 
P3 53.20 7.67 7.64 7.65 7.66 7.84 7.81 
P2 37.00 7.93 7.72 7.76 7.80 7.85 7.87 
P1 22.40 7.92 7.97 7.90 7.90 7.98 7.94 
Influent  0.00 8.02 7.90 7.95 7.93 7.98 7.98 
 
 
February        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 6.75 7.34 7.53 7.61 7.85 7.82 
P6 114.80 6.97 7.29 7.50 7.52 7.74 7.81 
P5 90.90 7.19 7.42 7.51 7.52 7.72 7.79 
P4 67.70 7.30 7.48 7.58 7.56 7.71 7.83 
P3 53.20 7.48 7.51 7.65 7.61 7.74 7.83 
P2 37.00 7.59 7.62 7.72 7.74 7.76 7.88 
P1 22.40 7.63 8.04 7.80 7.83 7.87 8.04 
Influent  0.00 7.68 8.00 7.84 7.88 7.88 8.03 
        
        
June        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60   7.83 7.62 7.59 7.81 7.81 
P6 114.80 8.70 7.78 7.58 7.62 7.77 7.77 
P5 90.90 8.55 7.75 7.59 7.56 7.76 7.74 
P4 67.70 8.42 7.75 7.60 7.55 7.73 7.72 
P3 53.20 8.31 7.75 7.65 7.61 7.72 7.71 
P2 37.00 8.17 7.84 7.68 7.65 7.71 7.71 
P1 22.40 8.11 7.90 7.74 7.75   7.82 
Influent  0.00 8.14 7.91 7.78 7.84 7.79 7.85 
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August        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60   7.4     7.49 7.61 
P6 114.80   7.32     7.5 7.56 
P5 90.90 7.8 7.39 7.28   7.56 7.54 
P4 67.70 7.8 7.49 7.32 7.52 7.54 7.53 
P3 53.20 7.71 7.51 7.45 7.55 7.53 7.52 
P2 37.00 7.75 7.52 7.44 7.55 7.56 7.49 
P1 22.40 8.1 7.48 7.48 7.7 7.61 7.5 
Influent  0.00 7.75 7.49 7.51 7.65 7.54 7.52 
 
 
Appendix M: Conductivity Tables and Plots 
 
Reactor 11 (CN1) 
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Reactor 1 (CC3) 
 
 
 
Reactor 9 (SA1) 
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October        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 552 805 755 633     
P6 114.80 630 682 711 622     
P5 90.90 635 627 678 642     
P4 67.70 606 622 675 632     
P3 53.20 664 628 685 639     
P2 37.00 634 624 699 647     
P1 22.40 601 602 642 649     
Influent  0.00 531 582 597 604     
        
        
November       
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 501 651 667 684 660 644 
P6 114.80 511 683 648 603 687 674 
P5 90.90 551 602 616 615 583 662 
P4 67.70 582 587 619 614 621 581 
P3 53.20 535 584 654 644 659 508 
P2 37.00 540 657 659 639 648 603 
P1 22.40 586 612 624 634 549 584 
Influent  0.00 520 620 615 606 609 513 
        
        
December       
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 638 622 658 591 625 616 
P6 114.80 605 616 587 577 640 639 
P5 90.90 616 570 576 591 630 616 
P4 67.70 635 588 590 581 622 614 
P3 53.20 599 619 617 595 633 634 
P2 37.00 596 616 578 606 625 632 
P1 22.40 577 586 581 588 587 590 
Influent  0.00 569 575 565 575 572 584 
        
        
January        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 1060 1365 1295 930 830 800 
P6 114.80 930 1150 985 870 810 800 
P5 90.90 830 880 925 840 845 800 
P4 67.70 825 825 835 800 830 780 
P3 53.20 790 810 835 815 755 815 
P2 37.00 1035 930 710 805 830 830 
P1 22.40 1360 805 810 795 785 800 
Influent  0.00 800 795 770 785 785 765 
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February        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 773 1082 1034 856 761 715 
P6 114.80 1001 945 888 833 777 779 
P5 90.90 799 789 833 803 786 796 
P4 67.70 885 799 792 796 783 769 
P3 53.20 708 783 777 780 789 776 
P2 37.00 809 810 728 782 776 779 
P1 22.40 745 759 792 799 805 722 
Influent  0.00 800 798 796 800 792 788 
        
        
June        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60   1037 1049 966 822 787 
P6 114.80 826 878 913 857 779 782 
P5 90.90 795 802 798 788 808 799 
P4 67.70 803 774 785 814 754 828 
P3 53.20 803 787 771 779 787 816 
P2 37.00 789 857 791 777 776 825 
P1 22.40 917 770 746 819   757 
Influent  0.00 810 753 750 762 759 749 
        
        
August        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60   1054     890 811 
P6 114.80   973     879 797 
P5 90.90 1025 858 1005   840 801 
P4 67.70 884 812 925 649 863 812 
P3 53.20 873 824 857 939 853 771 
P2 37.00 1002 854 861 888 813 787 
P1 22.40 1443 783 865   604 753 
Influent  0.00 831 779 781 834 780 782 
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Appendix N: Temperature Tables and Plots 
 
Reactor 11 (CN1) 
 
 
 
Reactor 2 (CC2) 
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Reactor 9 (SA1) 
 
 
 
 
 
November       
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 26.5 25.0 25.7 26.0 25.9 25.7 
P6 114.80 26.0 25.7 28.9 26.8 27.4 28.0 
P5 90.90 26.4 25.7 28.5 26.6 26.6 26.8 
P4 67.70 26.3 24.9 26.4 25.1 25.3 25.1 
P3 53.20 24.3 24.0 25.3 25.5 25.0 25.3 
P2 37.00 24.2 22.4 26.3 25.9 24.1 24.5 
P1 22.40 22.7 22.4 22.7 24.6 23.7 24.0 
Influent  0.00 22.1 21.5 22.4 22.3 23.3 23.0 
        
        
December       
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 24.9 23 24.1 25.5 24.8 25.3 
P6 114.80 25.2 24.1 26.1 26.2 25.6 27.1 
P5 90.90 24.8 23.8 25.3 26.1 24.8 26.5 
P4 67.70 24.8 23.2 24.7 24.9 24.8 25.2 
P3 53.20 22.4 23.4 24.5 24.9 24.8 24.7 
P2 37.00 22.2 23.5 24.4 24.6 23.6 24.2 
P1 22.40 20.9 22.1 23.6 24.1 23 23.7 
Influent  0.00 19.6 21.7 22.8 22.3 19.9 23.2 
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January       
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 22.3 21.8 21.1 19.8 21.6 21.2 
P6 114.80 22.7 21.4 22.4 20.9 22.2 21.8 
P5 90.90 22.3 22.4 22.5 21.4 21.5 21.9 
P4 67.70 22.3 21.5 22.3 21.0 21.3 21.0 
P3 53.20 21.3 21.1 21.6 20.5 21.1 20.5 
P2 37.00 21.1 20.1 21.7 20.7 19.9 20.1 
P1 22.40 20.9 21.2 21.1 19.9 19.9 19.9 
Influent  0.00 19.9 20.1 19.8 18.9 19.0 19.8 
 
 
February       
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 22.7 21.1 21.3 21.6 21.5 21.8 
P6 114.80 22.9 20.9 21.0 21.5 21.8 22.0 
P5 90.90 23.0 21.0 21.6 21.6 21.8 22.2 
P4 67.70 23.2 21.7 22.0 21.9 22.2 22.1 
P3 53.20 22.6 22.1 22.3 22.0 22.0 21.8 
P2 37.00 21.8 22.1 22.3 22.0 21.6 21.9 
P1 22.40 21.7 21.8 21.9 21.5 21.8 21.6 
Influent  0.00 21.8 21.9 21.9 22.0 21.8 21.8 
        
        
June        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60 24.9 21.0 21.9 23.2 23.0 22.3 
P6 114.80 24.9 22.5 23.1 23.5 23.6 23.2 
P5 90.90 23.5 22.3 22.3 23.6 23.1 22.7 
P4 67.70 23.4 22.4 22.2 23.2 22.3 22.4 
P3 53.20 22.3 21.5 22.0 23.0 21.4 21.5 
P2 37.00 21.4 22.0 21.7 22.7 21.5 22.5 
P1 22.40 22.0 21.4 21.6 22.6   22.2 
Influent  0.00 21.4 21.9 21.9 22.6 21.1 22.4 
        
        
August        
  Port Height (cm) #1 CC3 #2 CC2 #6 SA2 #9 SA1 #3 Control 3 #11 Control 
P7 136.60   23.8     23.1 25.4 
P6 114.80   24.3     24.7 25.4 
P5 90.90 25.6 24.3 23.4   24 25.3 
P4 67.70 24.7 24.5 22.8 22.1 23.9 24.2 
P3 53.20 24.5 24.5 22.7 23.2 24 24.2 
P2 37.00 23.9 24.6 22.4 23.7 23.8 23.7 
P1 22.40 22.6 24.2 22.6   23.4 23.4 
Influent  0.00 23.2 23.7 21.9 23.9 22.7 23.8 
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Appendix O: Bromide Tracer Study Tables and Plots 
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Time 
Conductivity 
(uS) Flow Rates (mL/min) hours IC 
4/18/2007 11:20 850 4.04 0 2.9239 
4/18/2007 16:00 884 2.55 4.67 21.5046 
4/18/2007 20:16 912 2.64 8.93 37.0100 
4/19/2007 0:30 915 2.76 13.167 37.2776 
4/19/2007 8:10 918 2.65 21.8 41.1631 
4/19/2007 11:50 951 2.67 24.5 44.7097 
4/19/2007 15:35 965 2.65 28.25 49.7613 
4/19/2007 19:20 958 2.82 31 53.2866 
4/19/2007 23:45 960 2.63 35.42 49.6929 
4/20/2007 8:25 971 2.52 44.09 53.3108 
4/20/2007 13:00 967 2.4 48.67 64.0168 
4/20/2007 17:00 972 2.75 52.67 65.6298 
4/20/2007 21:07 987 2.59 56.79 64.0778 
4/21/2007 1:20 989 2.39 61.01 61.6840 
4/21/2007 9:35 977 2.63 69.26 59.9438 
4/21/2007 13:15 968 2.81 72.93 65.3313 
4/21/2007 17:25 1011 2.47 77.1 67.5612 
4/21/2007 22:35 997 2.60 82.27 64.7057 
4/22/2007 978     61.5671 
4/22/2007 10:00 973 2.51 93.69 61.1047 
4/22/2007 15:58 972 2.51 99.66 65.8261 
4/22/2007 18:50 981 2.75 102.53 61.3333 
4/22/2007 23:35 978 2.54 107.28   
4/23/2007 946 2.58   56.4597 
4/23/2007 15:00 986 2.54 122.7 40.5683 
4/23/2007 17:40 996 2.53 125.37 64.7866 
4/23/2007 20:45 974 2.79 128.45 60.1967 
4/24/2007 12:05 950 2.60 143.78   
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Appendix P: Spectrophotometer Comparison of Ferrous and Total Iron 
 
Spectrophotometer sampling and analysis was complete by Christina Powell and Rachel 
Meyers. 
 
 
   y = 4.6707x - 0.0136 
 Port Height (inches) Absorbance (A) [Fe
3+
+Fe
2+
] (mg/l) 
P7 53.79 0.084 0.379 
P6 45.21 0.119 0.542 
P5 35.79 0.065 0.290 
P4 26.67 0.105 0.477 
P3 20.96 0.066 0.295 
P2 14.58 0.047 0.206 
P1 8.83 0.048 0.211 
Influent 0.00 0.070 0.313 
    
 
 
 
  y = 4.6707x - 0.0136 
 Port Height (inches) Absorbance (A) [Fe
2+
] (mg/l) 
P7 53.79 0.037 0.159 
P6 45.21 0.100 0.453 
P5 35.79 0.057 0.253 
P4 26.67 0.075 0.337 
P3 20.96 0.059 0.262 
P2 14.58 0.035 0.150 
P1 8.83 0.034 0.145 
Influent 0.00 0.045 0.197 
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   y = 12.111x + 0.0291 
unfiltered Port Height (inches) Absorbance (A) [Fe
2+
] (mg/l) 
P7 53.79 0.071 0.889 
P6 45.21 0.294 3.590 
P5 35.79 0.300 3.662 
P4 26.67 0.259 3.166 
P3 20.96 0.104 1.289 
P2 14.58 0.058 0.732 
P1 8.83 0.051 0.647 
Influent  0.00 0.046 0.586 
    
 
  
 
    y = 12.111x + 0.0291 
filtered Port Height (inches) Absorbance (A) [Fe
2+
] (mg/l) 
P7 53.79 0.080 0.998 
P6 45.21 0.314 3.832 
P5 35.79 0.288 3.517 
P4 26.67 0.246 3.008 
P3 20.96 0.082 1.022 
P2 14.58 0.066 0.828 
P1 8.83 0.045 0.574 
Influent  0.00 0.046 0.586 
 
 
 
